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Abstract 
A new thennal analysis technique was developed and tested. It makes use of the 
improvements in heat transfer characteristics associated with recent advances in heat pipe 
technology. Heat is extracted from a liquid sample of a melt taken in-situ from within a 
vessel or fumace. The rate of heat extraction is such as to cause the sample to solidify. 
The technique was tested both in the laboratory and on an industrial scale (Grenville 
Castings, Perth, Ontario). Aluminum alloys including 356, 319, AI-xSi, AI-Si-Cu-xMg, 
and 6063 were subjected to various melt treatments and were used to carry out the tests. 
Classical thennal analysis was also carried out simultaneously under the same melt 
conditions using a preheated graphite cup. 
The comparison showed that the new technique has great potential over classical thennal 
analysis. The major advantages of the new method are that it conducts the analysis inside 
the melt (since it is no longer necessary for a physical sample to be removed from the 
melt itself), it consumes less time and the cooling rate can be precisely controlled during 
the solidification process. Moreover, it produces curves of greater detail and of better 
resolution than conventional techniques. In fact, the detail is of such resolution that, in 
sorne cases, the cooling curves may be used to infer the chemical composition of certain 
components of the melt, a fact which equates to a fonn of rapid chemical analysis. The 
peaks in the signal which refer to intennetallic fonnation are of better resolution and 
more identifiable when the new technique is used. The size of the peaks obtained using 
the new probe is about three times greater than that obtained by the classical method. 
With this new technique it becomes possible to correlate the area below the intennetallic 
peak to the concentration of iron or copper in the melt. This is a feature which makes the 
new thennal analysis probe act as a rapid chemical analyzer for selected constituents. 
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RÉSUMÉ 
Une nouvelle technique d'analyse thermique a été développée et testée. Elle utilise le 
perfectionnement dans des caractéristiques de transfert thermique liées à un avancement 
récent dans la technologie de caloduc. La chaleur est extraite à partir d'un échantillon 
liquide d'une fonte prise à l'intérieur dans un cuve ou un four. Le taux d'extraction de la 
chaleur provoque la solidification de l'échantillon. La technique a été examinée au 
laboratoire et dans un institut industriel (Fonderie Grenville, Perth, Ontario). Des alliages 
d'aluminium de type 356, 319, AI-xSi, AI-Silicium-Cu-xMg et 6063 sont tous soumis à 
des traitements divers de métal liquide et ils ont été employés pour réaliser les essais. 
L'analyse thermique classique a été également exécutée simultanément à l'aide d'un 
moule en graphite préchauffé, et les coulées ont été réalisées dans les mêmes conditions 
respectées auparavant. 
La comparaison a montré une efficacité meilleure de la nouvelle technique par rapport à 
celle de l'analyse thermique traditionnelle. Les avantages principaux de la nouvelle 
méthode sont qu'elle conduit à l'analyse à l'intérieur du métal liquide (c.-à-d, l'échantillon 
n'est pas enlevé de la fonte), ceci consomme moins de temps et le taux de refroidissement 
peut être contrôlé avec précision pendant le procédé de solidification. D'autre part, cette 
nouvelle application produit des courbes de solidification avec plus de détails et avec une 
meilleure résolution en comparaison à des techniques conventionnelles. En fait, le détail 
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peut être d'une telle résolution que, dans certains cas, les courbes de refroidissement 
peuvent être employées pour révéler la composition chimique (quelques composants) de 
la fonte (c.-à-d, analyse chimique rapide). Les pics dans le signal qui se rapportent à la 
formation d'intermétalliques sont plus clairs et plus identifiables (d'une meilleure 
résolution) lorsque la nouvelle technique est employée. Les tailles maximales des pics 
obtenues par cette nouvelle méthode sont environ trois fois plus grandes que celles 
obtenues par la méthode classique. Avec cette nouvelle technique, il est possible de 
corréler l'aire sous le pic d'intermétalliques avec la concentration du fer ou du cuivre 
dans la fonte. Ce dispositif laisse la nouvelle technique d'analyse thermique se comporter 
comme si c'est un analyseur chimique rapide pour des constituants choisis. 
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Chapter One 
Introduction 
1.1 Objectives of the Present Stndy 
Quality control is now considered to be one of the most important steps in the casting 
production process in any foundry due to intense competition on the global markets. in 
the past after casting a certain product it was inspected, and if any defect was found the 
product would be rejected. Subsequently, it would either be recycled if possible, or 
scrapped, thereby increasing the production costs and reducing the productivity of the 
foundry. Thus, it is of primary importance to control the melt quality from the outset of 
the casting process. 
Thermal analysis is deemed one of the least costly ways used in the industry to monitor 
the level of grain refiners and eutectic modifiers in the melt prior to casting. The 
temperature of a solidifying sample is recorded as it cools down from a completely liquid 
state, passing through the solidifying region, until it becomes completely solid. The 
temperature-time curve is the basic output of thermal analysis. The shape of this curve is 
dependent to a high degree on the metallic phases which form during solidification. As 
liquid solidifies, it evolves latent heat. The quantity of this heat depends on the solid 
phases formed during solidification. The emergence of the solid phase affects the rate of 
decrease in the sample temperature, and consequently, thermal arrests appear on the 
temperature-time curve. 
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The automation of industrial processes has been of major interest to researchers over the 
years. The specific objective of this thesis is to explore the potential for automated 
thermal analysis and to develop a technique which is capable of carrying out pertinent 
tests, in-situ, which can be controlled simply by pressing a button in the control room. 
Among the several subsidiary objectives of this research may be included a means for 
minimizing human intervention, enhancing accuracy, and increasing productivity while at 
the same time reducing costs and increasing profitability for aluminum foundries. 
This technique should, ideally, have the ability to extract heat from a specific sample 
inside the melt until it is frozen completely without affecting the remaining portion of the 
melt. In order to accomplish this, a heat exchanger is required. Such a heat exchanger 
should be able to absorb the heat from the sample inside the melt, and transfer it to the 
outside environment. Because of the extremely harsh conditions prevailing within the 
environment of the molten metal, no viable in-situ thermal analysis technique has yet 
been made possible from an industrial point view. 
One of the early trials carried out by the Mucciardi-Gruzleski group at McGill involved 
utilizing classical heat pipe technology to extract the heat from a designated sample (1]. 
The device itself and the operating procedure, however, were too complicated to be used 
as a substitute for the simple classical thermal analysis technique in general use at the 
present time. 
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A heat pipe is an evaporator-condenser system in which the liquid phase of the working 
substance is driven by gravity, capillary action or a pump. In its simplest form, it is a tube 
with a number of layers of wire screening along the wall to act as a wick. The screen is 
filled with a wetting liquid such as sodium or lithium for high temperature applications. 
For moderate temperature applications, the screen is filled with water, ammonia, or 
methanol. Expressed simply, the working principle oftraditional heat pipes involves one 
end of the heat pipe being exposed to a heat source while the other end is subjected to 
cooling; the liquid then evaporates at the heated end and condenses at the cooled end. As 
the liquid diminishes in the evaporator segment, cavities form in the wick in that section 
of the pipe, thereby generating a low pressure area causing the liquid to trickle along the 
screen. Meanwhile, in the condenser segment, the screen becomes flooded. The surface 
tension acting on the concave liquid-vapor interface causes the pressure to be higher in 
the vapor than it is in the liquid. This pressure is transmitted by the vapor to the flooded 
condenser section, where the vapor and the liquid pressures are approximately equal, so 
that the liquid is driven from the condenser section to the evaporator section through the 
wick. In a gravit y field, the evaporator may be placed below the condenser to assist the 
liquid flow. It may even happen that occasionally, the gravitational force is capable of 
causing the liquid to circulate, and consequently, there is no need to use a wick. Strictly 
speaking, when there is no wick in the heat pipes it is called a thermosyphon. 
Over the last few years, the Mucciardi-Gruzleski Group at McGill have developed a new 
design for heat pipes which makes their use feasible in a molten metal environment. The 
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design makes use of the enhanced heat transfer characteristics which are associated with 
vortex flow in order to improve heat pipe performance. 
A special improved version of the McGill heat pipe was designed to make it suitable for 
carrying out thermal analysis tests yielding greater detail. The recently modernÎzed 
features of the modified McGill heat pipe make it possible for the new system:-
i) to carry out thermal analysis tests inside the crucible as required; 
ii) to extract a sample from any location within the crucible; 
iii) to freeze a specific sample inside the crucible without affecting the rest of the 
melt, then to remelt the solidified sample after completing the thermal 
analysis; 
iv) to freeze the sample at an approximate1y constant and predetermined cooling 
rate; 
v) to automate the thermal analysis process so that no sample needs to be 
extracted manually, and so that the cooling rate can be regulated by valves 
which control the flow inside the system. 
The new in-situ technology for conducting the thermal analysis of aluminum alloys was 
thus developed. AIso, a comparison was instituted between the new upgraded technique 
and classical thermal analysis by sampling cup. The new technique displays numerous 
advantages over the standard procedures for thermal analysis. The most significant of 
these advantages is the in-situ feature which makes it possible for the technique to 
produce rapid chemical analyses. 
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1.2 Outline of the Present Study 
The present study has two main components:-
The first is the design and the construction of the new heat-pipe probe. The second phase 
is thermal analysis together with a study of the microstructure of samples obtained for 
different aluminum alloys as used for this study. 
Chapter One: Discusses the objectives and provides a general oudine of the topic under 
investigation. 
Chapter Two: Presents a short introduction to heat pipe technology, and briefly touches 
on such topics as operating principles, types of heat pipes, and current applications. The 
section includes a few observations on the theoretical background of the McGill heat-pipe 
and the limitations of classical heat pipes. 
Chapter Three: Several of the most widely applied treatments of liquid aluminum-
silicon alloys are presented in this chapter. These include eutectic modification, grain 
refinement, and the addition of elements. The chapter also provides definitions and 
details of the operational setup and methods of procedure as weIl as a description of the 
classical approach to carrying out thermal analysis tests. 
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Chapter Four: This chapter gives a detailed description of the experimental 
methodology required for carrying out thermal analysis experiments which incorporate 
the newly-designed heat-pipe probe. 
Chapter Five: This chapter describes the stages in the evolution of the in-situ heat-pipe 
probe for the thermal analysis of aluminum alloys; it also lists and discusses the 
advantages and shortcomings of the two probe designs. 
Chapter Six: The experimental results from both laboratory and industrial tests are 
discussed in this chapter. It is divided into several subsections according to the alloy 
under investigation and the nature of the material used for treatment. The discussion 
covers grain refiners, melt modifiers, the level of impurities in the melt, and alloying 
elements. 
Chapter Seven: The main conclusions of the present work are presented in this chapter, 
together with sorne carefully considered suggestions for possible future research projects. 
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Chapter Two 
HeatPipe 
2.1 Introduction 
Heat pipes are commercially available in a wide range of sizes and for a number of 
different applications. They provide satisfactory solutions to a variety of thennal 
problems where the requirements include the need for high heat flux to be dissipated over 
a small area. 
Eastman (1968) identified several characteristics ofheat pipes which make them useful in 
numerous specific applications [Il. These characteristics include, firstly, a closed-Ioop 
cycle of operation in which the heat-transfer capacity is several times higher in order of 
magnitude than the best-known solid conductors. This causes the thennal resistance along 
the heat pipe to be kept to a minimum, and also makes it possible for both of the main 
segments of the heat pipe (the evaporator and the condenser) to remain physically 
separate. Secondly, increases in the heat flux in the evaporator lead to an increase in the 
rate at which the working substance is vaporized, with a relatively small rise in the 
operating temperature. Consequently, the heat pipe operates under quasi-isothennal 
conditions, that is to say, the evaporation rate is self-adjusting and able to adapt to a 
relatively wide range of power inputs, and is also able to maintain an approximately 
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constant source temperature. Thirdly, both segments of the heat pIpe operate 
independently with a common two-phase working substance, thus the area from which 
the heat is extracted may be of a different size and shape from those of the area from 
which the heat is dissipated. Hence, high heat fluxes developed over a small area, such as 
an evaporator surface, may be released over a larger area with a much smaller heat flux, 
depending on the area ratio. Fourthly, the response time is independent of the distance 
between the heat source and the heat sink, and it is also less than that required by solid 
conductors [2, and 3]. 
Heat transfer characteristics, isothermal behavior, the ability to maintain an 
approximately constant evaporator temperature over a range of heat flux levels, and the 
variability of the evaporator and condenser sizes, are all factors which make heat pipes 
and thermosyphons effective devices which may be used for many engineering 
applications [3, 4, and 5]. 
2.2 Operating Principle of the Heat Pipe 
Utilizing the latent heat associated with phase transformation (as for example from liquid 
to vapor) is the key feature that gives both the heat pipe and the thermosyphon their 
superiority over other types of heat exchangers in dissipating heat loads from specific 
surfaces[2-5]. Although most of the components of these two devices are the same, their 
manner of operation is substantially different. 
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Figure 2.1 shows a schematic diagram of both the heat pipe and the thermosyphon. The 
heat applied at the evaporator surface forces the liquid phase of the working substance to 
evaporate. During this phase transformation process, the liquid acquires the energy 
associated with its heat of vaporization. Because the temperature of the condenser surface 
is less than that of the saturated vapor in the evaporator, a pressure gradient in the 
direction of the condenser is established, causing the vapor to flow from the evaporator to 
the condenser. Inside the condenser, the hot vapor loses its heat of vaporization to the 
colder condenser surface where it is converted to the liquid phase [4]. This condensed 
liquid forms a fluid layer on the condenser surface, increasing in thickness with the 
amount of condensed vapor. In thermosyphon configurations, the condenser section 
should always be placed higher than the evaporator section in such a way as to cause the 
liquid in the condenser to be driven by the force of gravity towards the bottom of the 
evaporator. Although thermosyphons may contain grooves to promote a return of the 
liquid to the evaporator, they depend upon gravitational acceleration to feed the 
evaporator section with the liquid phase of the working substance which condenses there. 
As regards heat pipes, they exploit the capillary forces associated with a capillary 
wicking structure to guide the movement of the liquid from the condenser to the 
evaporator. In cases where the evaporator is placed above the condenser, or in those 
applications where the environment possesses micro-gravitational forces, a capillary 
force or an extemal pumping force is essential to pumping the liquid from the condenser 
to the evaporator either against gravity or in a microgravity environment. The only 
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difference between a thermosyphon and a heat pipe is the extent of their dependence on 
the gravitational field to force the liquid to move from the condenser to the evaporator. 
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Figure 1 (b) Thermosyphon 
Fig.2.1. Schematic diagram (a) Heat pipe, (b) Thermosyphon 
2.3 Types of Heat Pipe 
There are several approaches to selecting and classifying heat pipes. Firstly, they may be 
identified by their operating temperature range. Thus, there are low-temperature or 
cryogenic heat pipes, and other types which function at moderate and high temperatures. 
Cryogenie heat pipes were first introduced by Haskins (1966) [2,3], who used a nitrogen-
based heat pipe to control the temperature of an infrared detector. Since that time, low-
temperature heat pipes have been of interest to researchers for use in space technology to 
cool optical surfaces and otherwise regulate them thermally. In moderate- temperature 
heat pipes, either water or oil is customarily used as the working substance, while for 
high-temperature heat pipes, liquid metals may be used [2, 3, and 6]. The second category 
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includes heat pipes which are characterized by their wicking structure and may use either 
arterial or composite wicks. It should be remembered that pipes which have no wick are 
called thermosyphons. The third way to group them is by function: variable conductance 
or gas-Ioaded heat pipes; flexible heat pipes; rotating heat pipes; micro heat pipes; and 
chemical heat pipes. 
Choosing the most appropriate type to use in any given case will ultimately depend on 
the specific application and the desired objective for using a heat pipe as a heat 
exchanger. 
2.4 Heat Pipe Applications 
Heat pipes have been investigated and validated for a wide variety of applications. The 
most important of these are, first, a separation of the heat source from the heat sink. The 
high conduction performance of heat pipes makes it possible for heat to be transferred 
over relatively long distances [2-4, and 6]. These pipes are, therefore, necessary in many 
electrical applications where it is inconvenient to dissipate the heat by installing a 
radiator in the close vicinity of the component. Radiators may not, however, be used in 
the case where the neighboring parts are temperature sensitive. 
A second application involves temperature flattening. Since a heat pipe works under 
saturated temperature and pressure conditions, it tends to have a uniform temperature 
profile. Because of this characteristic, heat pipes are used to reduce the temperature 
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gradients between unevenly heated areas of a surface. Heat pipes are, thus, also used in 
the outer shell of satellites to cool the part exposed to sunlight and to dissipate the heat 
towards the portion of the shell which lies in shadow [4] • 
A third application relates to heat flux transformation. Heat pipes may also be used in 
energy-saving and energy-recovery measures, as in the case where they have been used 
successfully to redirect geothermal energy in heating the permafrost layer beneath the 
Trans-Alaska Pipeline [2,4]. 
Lastly, heat pipes may be used for temperature control applications. Gas-Ioaded or 
variable-conductance heat pipes may be used to regulate and modify the temperature of 
devices mounted on heat pipe evaporator surfaces [2-6]. 
2.5 Limitations of Classical Heat Pipes 
In addition to fundamental limitations on heat transport by a heat pipe such as capillary 
wicking, there are sorne other factors which, under high heat flux conditions, limit heat 
transport capacity. These factors include film boiling, entrainment, and sonic limitations. 
Figure 2.2 shows how these limitations affect the performance of a typical heat pipe. 
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2.5.1 Film Boiling 
Film boiling is the main reason for not implementing water heat pipes in molten metal 
environment. In order to appreciate fully the limitation imposed by film boiling, one 
should be aware of the regimes that constitute the boiling curve. A typical water boiling 
curve is shown in Figure 2.3. Below point A, which indicates the onset of nuc1eate 
boiling, ONB, there is insufficient vapor to cause boiling at saturation temperatures, since 
natural convection within the liquid is sufficient to transport the heat from the wall. 
Beyond point A, vapor bubbles start to nuc1eate on the heated surface, and as the 
difference between surface and saturated water temperatures increases, more nuc1eation 
sites become active and increase bubble formation. Interference between the highly 
populated bubbles then slows up the motion of liquid near the surface. In this region, the 
values of convection heat transfer coefficients are considerably higher than those 
associated with convection in the absence of phase change [5, 8]. 
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The nucleate boiling heat flux at its maximum, or in other words the critical heat flux 
(CHF), is reached at point C where a further increase in the surface temperature leads to 
faster bubble formation. In this densely populated bubble region, an unstable vapor 
blanket starts to form on the surface. The condition at any of these locations on the 
surface may vary between nucleate and film boiling. The film boiling condition, 
however, becomes dominant as the surface temperature increases (i.e. the fraction of the 
total surface covered by the vapor film increases with increasing surface temperatures). 
At point D the surface is fully covered by the vapor film and the heat flux is at its 
minimum value. Conduction through the vapor layer is the orny effective heat transfer 
mode between the surface and the liquid. Further increases in the surface temperature 
activate the effect of the radiation mode of the heat transfer across the vapor film. Given 
that radiative heat transfer is proportional to the fourth power of temperature, the heat 
flux from the wall increases rapidly in the film boiling regime [1,4,5 and 6]. 
Chi[2,3] derived the following equation for the critical heat flux (CHF) by establishing a 
pressure balance on any given bubble and using the Clausius-Clapeyron equation to relate 
the temperature and the pressure. 
2.1 
where Le is the effective evaporator length; 
Ke is the effective thermal conductivity of the liquid-wick combination; 
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ri is the inner radius of the heat pipe wall; 
rv is the vapor core radius, and rn is the nuc1eation site radius which is about 
2.54*10-7 for conventional heat pipes [2]; 
Mc,m is the maximum capillary pressure which is equal to 20", and rc is the 
rc 
effective capillary radius. For the thermosyphonrc = r, while for the wire-screen 
. k wire spacing + wire diameter 
WlC structure rc = ---=---...::....------
2 
Another equation for the critical heat flux (CHF) of pool boiling for vertical 
surfaces was derived by Chang [6] and is given as: 
1 1 
qc,ver =C{pJïhfg {og[PI-PvD4 2.2 
where C is a constant ( 0.0012 ml/4/ SII2); 
hfg is the latent heat of evaporation (J/kg); 
0" is the surface tension (N/m); 
g is the gravitational acceleration (m1s2); and 
pvand PI are the densities ofvapor and liquid respectively (kg/m3). 
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2.5.2 Entrainment 
In heat pipes, both liquid and vapor flow in opposite directions. The shear force occurring 
at the liquid vapor interface may inhibit the return of the liquid to the evaporator. When 
this occurs, a further increase in the heat input to the evaporator leads to liquid drop lets 
being entrained in the vapor flow and carried to the condenser, eventually causing a 
dryout of the evaporator. This shear force depends mainly on the inherent properties of 
the vapor and its velocities [4]. The tendency of liquid droplets to be entrained is resisted 
by the surface tension in the liquid phase. The ratio between the forces of inertia in the 
vapor and the forces of liquid surface tension, expressed by the Weber number, may 
provide a convenient method for predicting the entrainment limitation, as follows. 
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2.3 
where P. is the vapor density, V is the vapor velocity, 0'/ is the liquid surface tension, 
and Z is a dimension related to the wick spacing (in the case of the heat pipe this is the 
hydraulic diameter of the wick structure). In order to avoid entrainment in heat pipes W
e 
must be less than unity [2,3, and 41. 
The axial heat flux is related to the vapor velocity by the following: 
2.4 
By substituting equation 2.2 in equation 2.3 and assuming that We is equal to one, then 
the maximum axial heat flux which can be transported by a heat pipe as a result of the 
entrainment limitation may be predicted by the following equation. 
2.5 
2.5.3 Sonic Limitation 
The sonic limitation serves as an upper boundary for the axial heat transport capacity of 
the heat pipe [21. The sonic limitation, which is known as the sonic choke, takes place 
when the main flow velocity reaches the speed of sound. In a heat pipe, velocity 
variations result from a variable mass flow through a constant area. Thus, the greater the 
18 
heat load on the evaporator or the cooling load on the condenser the greater is the mass 
addition to the main stream from evaporation. The sonic choke occurs at the evaporator 
exit where the main flow reaches a maximum speed [2, 4]. When the vapor at the 
evaporator exit reaches sonic velocity, a further increase in the pressure difference 
between the evaporator and the condenser segments has no effect on the velocity or the 
flow rate of the main flow, and also the heat transfer rate across the pipe is not subject to 
increase as a result of the existence of the choked flow [2, 3and 4]. However, increasing the 
cooling load on the condenser beyond the sonic limit lowers the condenser temperature, 
induces supersonic vapor flow, and creates a relatively sharp axial temperature gradient 
across the pipe, although it does not affect the heat transfer rate across it [4]. As a general 
rule, sonic conditions may be reached when the heat pipe operates at low vapor densities 
and high vapor velocities [2]. 
The maximum axial heat flux due to the sonic limitation is as follows: 
2.6 
It should be noted that the formation of bubbles in the evaporator wick is to be avoided 
because any hot spots formed will obstruct the liquid flow. In the evaporator segment, 
sonic and entrainment limitations affect the axial heat flux, and the boiling limitation 
affects the radial heat flux. The boiling limitation is not significant with regard to Iiquid-
metal heat pipes, but it can become a major problem for water-based heat pipes. One of 
the aims of this research was to obtain a water-based heat pipe which would work 
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efficiently in the molten aluminum environment associated with high heat flux, and 
which would operate in the nuc1eate boiling regime. 
2.6 McGiII Heat Pipe 
The new heat pipe technology which was developed at McGill University [9-11] (see figure 
2.4) now makes it possible to use this technology with a high degree of efficiency. The 
feature which makes this heat pipe unique is the design of the evaporator section, where 
the problems associated with c1assical heat pipes have been resolved by adding a return 
line and by modifying the heat transfer characteristics of the main flow. The evaporator is 
supplied with a separate return line which overcomes the problem of the countercurrent 
flow oftwo phases (i.e. vapor and liquid) [9-11], and thus the shear forces between the 
reverse flow streams have been eliminated. A further function of the separate return Hne 
is that it feeds the bottom part of the evaporator with a continuous flow of Hquid so that 
the probe will never run dry. lntroducing a gate valve into the return Hne facilitates the 
control of the flow which feeds the evaporator. The use of the gate valve enables the 
probe to stop extracting heat from the sample when the valve is c1osed, whereas by 
adjusting the valve position, different heat extraction rates may be attained. 
AIso, this new technology is able to deal with relatively high heat fluxes, whereas 
c1assical water-based heat pipes suffer from a film boiling limitation [2-7, and 9-11] and thus 
are severely constrained as to heat extraction capacity. The evaporator was designed to 
avoid the formation of a stable gas film on the heat transfer surface during operation, 
which allows the new probe to operate efficiently in the molten metal environment in 
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contrast to classical heat pipes where high heat fluxes obstruct their operation. This new 
technology enhances heat removal along the heat pipe. This improvement is attained by 
initiating a vortex flow inside the evaporator section. The vortex flow in the heat pipe is 
the mechanism which makes such a development a valuable contribution in the field of 
heat pipe technology. A negative pressure gradient in the direction of the center of 
rotation is induced to balance the centrifugai force which arises from the circular motion 
of the two phase fluid. Since the density of the liquid is significantly higher than that of 
gases, liquid droplets will be driven toward the pipe wall and will consequently form a 
liquid film which slides up the wall under the influence of the axial pressure gradient in 
the system. Therefore, a pressure field is established with its maximum pressure against 
the pipe wall. This phenomenon breaks the gas film that might be generated at the heat 
transfer surface. Consequently, this improvement in flow characteristics enhances the 
capacity of the heat pipe to transfer energy across its wall and overcomes the boiling 
limitation. The McGill heat pipe is thus enabled to operate efficiently over a wide range 
of operating temperatures where classicaI water-based heat pipes are severely affected by 
film boiling. 
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Fig. 2.4. Sketch of McGill Heat Pipe [9] 
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Creating a vortex flow in heat exchangers in order to enhance heat transfer characteristics 
is a topic which has been studied, reported upon, and implemented by a number of 
researchers in the field [12-18]. A swirl flow may be created by inserting a twisted tape in 
the flow regime [12-15,17, and 18]. Shell and tube heat exchangers were the main focus of 
these studies, since introducing swirl tape to upgrade the thermal resistance of the tube 
sides may be carried out without modifying the design [17]. In this case, smaller heat 
exchangers may be designed for a given heat load. 
Manglik and Bergles (1993) proposed an experimental correlation for the Nusselt number 
associated with turbulent flow in isothermal tubes using a twisted tape insert [18]. 
Nu = [1 + 0.769] 
Nu oo y 
2.7 
where y is the twist ratio and equal to H , His the twist pitch (m), d is the tube inside 
d 
diameter (m), and Nu oo is the Nusselt number for a straight tape insert (y = 00). 
[ j
O.8 [ 8jO.2 7l'+2-2-
Nu
oo 
= 0.023 ReO.8 PrO.4 7l'48 8 d t/J 
7l'-- 7l'-4-
d d 
2.8 
where "is the thickness of the twisted tape and (J ~ (;: J 'n ~ 0,18 for liquid he.ting, 
and n = 0.3 for liquid cooling. /-lb and /-lware the dynamic viscosities of the fluid at the 
bulk temperature and at the wall temperature. 
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A different correlation for Nu was proposed by Fujita and Lopez, 1995 [11], as follows: 
Nu = 0.023 Reo.8 PrO.4 
H 
wherey=-. 
d 
( ) 
0.2 
1+; 1-~ 
1-(~) 
0.8 
1 
1-(~) 2.9 
There is a tradeoff between using the improvement in thermal characteristics associated 
with inserting twisted tapes and the increase in the pressure drop caused by them [17,18]. 
The influence of the twist ratio, y, on the friction factor of turbulent flow may be obtained 
from the following experimental correlation [18]. 
[ ]
1.75 [ 28]1.25 
f= 0.0791 7r 7r+2- d (1+ 2.752J 
Re 0.25 48 t5 y 1.29 
7r-- 7r-4-
d d 
2.10 
The key feature of the McGill heat pipe is the flow modifier implemented in the 
evaporator segment. In its simplest form, this is a helical spring placed inside the 
evaporator of the probe to form a helical path for the vaporized water to follow. The 
existence of the flow modifier inside this section initiates a vortex flow which enhances 
the heat transfer characteristics across the evaporator walls. It is important to note that the 
flow modifier parameters depend strongly on the application environment involving the 
amount ofheat flux associated with it. 
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In a molten aluminum environment where high heat flux of up to 2 MW/m2 [11] is 
encountered, a helpful general rule for choosing flow modifier parameters based on 
experiments with McGill heat pipe, may be: the pitch (H) and the diameter of the flow 
modifier are equal to the inner diameter and to one tenth of the inner diameter of the 
evaporator, respectively. A further increase in the flow modifier diameter will increase 
the friction effect and obstruct the initiation of a vortex flow inside the evaporator. By 
substituting the recommended parameters for the flow modifier in equations 2.9 and 2.10, 
the flow inside the evaporator segment of Mc Gill heat pipe is characterized by the 
following equations: 
Nu = 0.0586 Reo.8 Pr°.4 2.11 
f = 0.7866 Re -0.25 2.12 
2.7 Advantages of the Mc Gill Heat Pipe over a Classical Heat Pipe 
The enhancement in heat transfer associated with the new heat pipe technology may be 
ascribed to a number of effects: 
i) The vortex motion of the fluid, as generated by the helical flow modifier together with 
the associated secondary motion of the fluid leads to better contact between the liquid 
phase of the working substance and the pipe wall. This vortex motion expands the 
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nucleate boiling regime by preventing the vapor from accumulating on the pipe surface, 
and at the same time causing a uniform distribution of the liquid over the hot surface. 
ii) Because of the nature of the helical path, a longer longitudinal path is achieved. 
iii) The swirl and the mixing associated with the vortex flow enhance the convective heat 
transfer coefficient. 
iv) Using a separate return Hne to feed the evaporator with the liquid phase of the 
working substance eliminates the entrainment forces between the main flow and the 
return flow. 
v) Introducing a valve in the return line provides precise control over the rate at which 
heat is extracted from the evaporator [19]. 
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Chapter Three 
Melt Treatment and Thermal Analysis 
3.1 Introduction 
The widespread use of aluminum alloys, especially those containing silicon as the major 
alloying element, may be attributed to their high strength-to-weight ratio, high fluidity, 
low shrinkage in casting, good corrosion resistance, machinability, and weldability as 
weIl as their electrical and thermal conductivity (1]. 
In view of the fact that aluminum-silicon alloys are widely used in the automotive 
industry, improving melt quality has constantly been of major concem to researchers. 
Grain refinement, eutectic silicon modification, and degassing techniques have been 
extensively investigated and reported for the purpose of enhancing the cast quality [1-20]. It 
is a well-established fact in the domain of aluminum technology that the thermal analysis 
of aluminum alloys provides an assessment of the level of grain refiners in the melt and 
the extent of eutectic modification. 
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3.2 Grain Refining 
Small grain size is a desirable feature in the cast. It ensures uniform mechanical 
properties, reduces hot tearing, enhances machinability, and improves the distribution of 
second phases as weIl as micro-porosity on a fine scale [2]. 
In order to reduce the grain size, a common practice in foundries is to add inoculants 
deliberately to the melt before casting [2-10]. The master alloys Al-Ti and Al-Ti-B are 
usually used as the grain refining inoculants for aluminum alloys, because they promote 
heterogeneous nucleation. Since each grain is nucleated by a single foreign particle, a 
greater number of particles or nuclei will yield a greater number of grains and thus a 
smaller grain size will be obtained. It should be mentioned that not all foreign solid 
particles in the melt are capable of promoting heterogeneous nucleation. It is believed 
that the interfacial energy between the nucleant and the liquid metal has a key role in 
successful grain refinement. In the absence of sufficient heterogeneous inoculants in the 
melt, a driving force for initiating solidification is required. Thus, a drop in temperature is 
the thermal force which drives the nucleation and growth of the grain, a phenomenon 
known as homogeneous nucleation. The higher the concentration of heterogeneous 
inoculants in the melt, the less the thermal force is needed. Thermal analysis which is 
based on measuring this force pro vides an assessment of the level of grain refiners, or 
heterogeneous inoculants, in the melt. Extensive and detailed discussion on the theory 
and mechanism of grain refiners may be found in the literature [1-20]. 
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3.2 Eutectic Modification 
Eutectic modification refers to the transformation process occurring in the morphology of 
eutectic silicon from acicular to fibrous. The unmodified alloy contains the silicon phase 
in the form of large plates with sharp sides and ends, known as acicular silicon. 
Modification brings about a significant improvement in the mechanical properties of the 
cast. It improves the impact strength, tensile strength, and ductility. The ductile aluminum 
matrix which separates the brittle silicon phase is responsible for the impact strength of 
the material. Any process which reduces the size of the brittle phase particles or increases 
their separation will improve impact properties [l, Il]. 
Fine eutectic structure may be produced either by rapid solidification or by adding 
chemical elements of sorne groups lA, lIA, and rare earth elements known to cause 
modification [11-18]. This addition of small amounts of the modifying agent causes the 
eutectic silicon to solidify into a fine morphological structure and to form an 
interconnected network. 
ln practice, sodium and strontium are the most common elements industrially used for 
modification purposes. These are effective at low concentration levels, typically in the 
order of 0.007 to 0.02 wt% [Il]. 
Although the use of sodium as a modifying agent produces the fmest modified structures 
at the lowest concentrations, it has several drawbacks. Sodium has low solubility in 
aluminum, also its high reactivity requires a special packaging technique. Pure strontium 
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is reactive with air and water vapor, and the oxide formed prevents the dissolution of 
strontium in the melt which, in turn, prevents the modification of the eutectic structure. 
However, master alloys which contain less than about 45% strontium are not reactive in 
the air. Alloys with 20% to 60% strontium have a melting point in excess of 900°C 
making them of no practical use in aluminum foundries where the temperatures approach 
only 750°C, which is one of the reasons why a 10%Sr-90%AI master alloy is commonly 
used for modification purposes in aluminum silicon alloys. 
3.3 Effects of Adding Elements to the Melt. 
Strengthening of aluminum silicon alloys is achieved by adding small amounts of Cu, Mg 
or Ni to the composition of hypoeutectic alloys; and silicon provides excellent casting 
properties while copper improves tensile strength, machineability, and thermal 
conductivity at the expense of a reduction in ductility and corrosion resistance. Moreover, 
the strength and machinability may be improved by heat treatment. 
It is recommended that the magnesium level in the cast be kept below 0.3% to avoid the 
formation of the Mg2Si phase which leads to a decrease in the tensile strength, although 
this effect may be minimized by heat treating the cast using the T 4 solution treatment and 
quenching. Heat treating results in a uniform distribution of Mg2Si precipitates through 
the aluminum dendrites. Such an alloy is endowed with excellent castability, pressure 
tightness, and corrosion resistance. 
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Since iron is known to have a detrimental effect on the properties of the cast, lower levels 
of iron in the cast is one of the aims of the alwninwn industry. The formation of brittle 
and hard plates of the a -iron phase, AlsFeSi, leads to machining difficulties, and 
potential sites for machine tool failure. In practice, it is difficult to get rid of iron 
contamination prior to casting, although the undesirable effects of iron can be minimized 
by adding such chemical agents as Mn, Cr, Co, Be, and Mo to react with Fe, Si, and Al to 
form a Chinese script intermetallic AI1s(Mn,FehSh. Manganese is the element most 
frequently used to reduce the effect of iron contamination. The existence of manganese in 
the melt in sufficient quantity expands the a-phase region, and increases the possibility of 
a-phase crystallization even at high levels of iron in the melt. The reported ratio of Mn to 
Fe which is sufficient to ensure the formation of the a-phase rather than the p-phase is 
1 :2. [28,29] 
3.4 Thermal Analysis 
Thermal analysis of metallic alloys involves the acquisition and then the analysis of the 
temperature-time trace of a control volwne of molten metal as it cools down and passes 
through the mushy zone until it becomes completely solid. The shape of the temperature-
time curve depends strongly on the solid metallic and intermetallic phases that are formed 
during solidification. The rate of change in temperature, in other words the cooling rate, 
is affected by the latent heat evolved during the formation of the solid metallic phase. The 
quantity of heat released is not only dependent on the metallic phase which forms but 
also on the quantity of that phase. The quantity of energy given off affects the rate of 
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decrease in the temperature of the sample either by slowing down the cooling rate, or by 
totally arresting the cooling of the metal, or by heating the sample. Each of these features 
will be observed in the temperature curve [2, 15, and 16]. The features which appear in the 
solidification reflect not only the phase formed, but also the quantity of this phase. 
In solid solution alloys the solidification occurs over a range of temperatures, while in 
pure metals and eutectic compositions the rate of decrease drops to zero throughout the 
freezing process, during which a corresponding plateau will be evident on the cooling 
curve. Although eutectic alloys contain more than one solid phase, they behave as pure 
metals. 
When considering commercial alloys, the chemical complexity of a commercial alloy 
plays a considerable role in shaping the solidification curve [6, 7, and 16]. Such alloys contain 
multiple components and several solid phases, all of which have an effect on the shape of 
the cooling curve [16]. A simple example is the cooling curve for a 356 aluminum alloy 
consisting of 7% Si, 0.35% Mg, 0.2% Cu, 0.2% Fe, and 0.1 % Zn, as presented in Figure 
3.1. The presence of minor elements such as Mg may lead to a noticeable change in the 
cooling curve, as is indicated by the number 3 in Figure 3.1. 
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Fig. 3.1. Actual cooling curve for 356 aluminum alloy, (Gruzleski, 1990). 
A close inspection of the cooling curve may be carrled out using the first derivative 
curve. The inflection points present on this curve may be much more clearly identified by 
examining the first derivative, which is the slope of the cooling curve. Every peak which 
appears on the first derivative curve corresponds to an inflection point on the cooling 
curve which reflects the formation of a new phase (see Fig. 3.2). Peak 1 refers to primary 
aluminum nucleation, while the eutectic Al-Si phase is the plateau denoted by the number 
2, and the AI-M~Si-Si temary eutectic is indicated by the inflection point 3. 
The first derivative curve magnifies the significant slope changes on the cooling curve 
making them more identifiable [29,42, and 46]. For instance, the formation of the AI-Mg2Si-
Si temary phase is more evident on the first derivative curve than on the cooling curve. 
The second derivative curve, which is the slope of the first derivative curve, is also used 
to determine the start and the end of the reactions [27]. 
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Fig. 3.2. First derivative curve associated with actual cooling curve for 356 aluminum 
alloy 
Most of the literature on the thennal analysis of aluminum alloys focuses on how to make 
use of the thennal analysis technique to control the quality of the cast [1-4, 6-7, 9-10, and 14-16]. 
Many of the studies have focused on matching the shape and features of the curve with 
several parameters which affect the quality of the cast, such as the extent of grain 
refining, corresponding to the amount of grain refiners in the melt, and the level of 
modification which refers to the morphology of the eutectic phase. 
3.4.1 Salient Features of the Cooling Curve 
There are several parameters which are used in analyzing and studying the cooling curve. 
These are recalescence temperature, minimum temperature, undercooling, apparent time, 
and the eutectic temperature. Figure 3.3 shows these parameters. 
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-Recalescence temperature is denoted by T2 in Figure 3.3. This temperature is the 
maximum reached as a result of the evolution of latent heat following nucleation. 
-The minimum temperature is denoted by Tl in Figure 3.3. The minimum temperature is 
simply the point at which heat evolution exceeds heat loss to the surrounding 
environment and the system starts to heat up to recalescence temperature. In sorne of the 
literature in the field it is defined as the nucleation temperature (T n) at which the 
temperature of liquid drops below the freezing temperature to derive nucleation thermally 
[1] 
-Undercooling is a departure from equilibrium necessary to cause the first solid to form. 
In the present study undercooling refers to the difference between recalescence and 
minimum temperatures (undercooling = T2-Tt). 
-The apparent time is the time consumed by the sample to heat up from the minimum 
temperature to recalescence temperature, and is equal to (trtl). 
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Fig. 3.3. Schematic diagram of a cooling curve. 
In aluminum silicon alloys, thermal analysis is used mainly to control the grain size and 
the level of eutectic modification [l, 3, 4, and 7-9]. Grain refinement affects the cooling curve 
in the early stages near the liquidus temperature. Both the undercooling and the apparent 
time decrease with finer grain sizes while the recalescence temperature increases. In a 
well-refined alloy, with a sufficient number of nuclei, nucleation will occur in a short 
time while almost no undercooling is required to start primary solidification 
(approximately O.2°C). 
Eutectic modifiers affect the eutectic portion of the cooling curve. Drops in both the 
nucleation temperature and the eutectic temperature are observed when there is an 
increase in the level of modification. This factor is the one most frequently reported in the 
literature when assessing levels of modification. Tenekedjiev and Gruzleski [12] use 
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strontium as a modifying agent for severa! aluminum-silicon alloys at different cooling 
rates. They observed an increase in the eutectic undercooling and a considerable 
enlargement of the eutectic reaction in the presence of modifiers. They also found that the 
primary arrest was not affected by the strontium. 
3.4.2 Classical Thermal Analysis Equipment 
The simplicity and the relatively low cost of the setup are what make thermal analysis 
applicable in most foundries. A sampling cup, thermocouples, a data acquisition system, 
and standard computer are the basic components for the thermal analysis setup. 
The sampling cup is of a simple design as shown in Figure 3.4. Thermal analysis is 
carried out by pouring a sample of molten metal into the sampling cup then the 
temperature of the sample is recorded as it cools down and solidifies. Control of the 
cooling rate is important in thermal analysis so as to reveal further information on the 
cooling curve. The cooling rate at which the sample solidifies is related to the physical 
and thermal characteristics of the sampling cup. High cooling rates may be achieved by 
using metallic sampling cups which are normally made of thin-walled steel, while slow 
cooling rates may be achieved by using cups of shell-molded sand. Preheating the sample 
cup enhances the controllability over the cooling rate; however, in terms of 
reproducibility, this aspect of controlling the cooling rate is still poor. Cooling rates near 
equilibrium condition may be achieved by insulating the sampling cup. 
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A thennocouple placed at the center of the sampling cup is used to detect the temperature 
at the center where a minimum temperature gradient exists. Sorne researchers used two 
thennocouples, one of which was placed at the center and the other close to the cup wall 
to detect any changes in the cooling rates. The thennocouples are connected to a data 
acquisition and computer system so as to store and analyze the data, and then to display 
the results. 
Sampling cup 
Thennocouple 
Fig 3.4 A typical sampling cup used for thennal analysis 
Even though classical thennal analysis involving the pouring of a sample of the melt into 
a cup has been, to a certain extent, successfully implemented in industry, it exhibits 
several negative aspects. These include poor control of the rate of heat extraction, and 
consequently of the cooling rate during solidification, as weIl as the unfortunate tendency 
to poor reproducibility [10, Ill. No viable in-situ systems have yet to be developed, due to 
the extreme environment involved in using liquid metals. 
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Two new techniques were introduced during the last decade in an attempt to overcome 
shortcomings associated with traditional thermal analysis methods. These were based on 
making use of traditional heat pipe technology for use as a heat exchanger that is able to 
handle the high heat extracted during liquid metal solidification. These probes provided a 
number of advantages such as converting the process into a semi-continuous test, 
providing a heating curve in addition to a cooling curve, also the same sample may be 
used many times for the test, and the techniques offer the possibility of controlling the 
cooling rate during solidification [11]. Using traditional heat pipes in thermal analysis, 
however, has major drawbacks, the most important ofwhich, is that these techniques are 
able to handle heat removal only from relatively small sampling volumes due to the 
boiling limitation restricting this type of heat pipe. Further major drawbacks inc1ude the 
fact that controlling the cooling rate has proved to be an over-complicated process so far, 
and that the traditional heat pipe is obliged to operate non-stop, whether the desired 
function is freezing the sample or melting it. Other lesser drawbacks inc1ude the fact that 
many variables need to be controlled during the freezing process, which adds greater 
complexity to the entire operation. 
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Chapter Four 
The New Probe Design 
4.1 Introduction 
In order to overcome the disadvantages of traditional thermal analysis, major changes 
need to be made in the approach of handling a sample. Consequently, a new design is 
strongly to be recommended. This design should incorporate such features as reducing 
labor, making thermal analysis a controllable process, and increasing the overall 
effectiveness ofthe analysis process itse1f. 
Reducing labor may be accompli shed by carrying out the thermal analysis inside a 
crucible by means of an in-situ probe. Such a procedure would obviate the need for 
human intervention when extracting a sample from the crucible located inside the fumace 
and when pouring it into a sampling cup outside the fumace. 
Thermal analysis is a quality control technique used to verify the quality of the cast prior 
to the casting process. It is based on certain features which occur on the solidification 
curve of a small sample of the me1t. Thus, regulating the solidification rate makes it 
possible to focus on the lesser details of the curve. Regulating also reduces the time 
needed for carrying out the test, which should start with an elevated cooling rate until the 
required feature is reached, after which the cooling rate is reduced to a specified limit 
where this feature emerges. 
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The thermal analysis process may be rendered more efficient by creating a probe which 
(a) is capable ofreducing human exposure to molten metal, (h) produces a melting curve 
in addition to the cooling curve, (c) controls the amount of heat extracted from the 
sample, (d) makes it possible to extract a sample from any location in the crucible, 
(e) carries out the tests inside the fumace, (t) reduces the time required for carrying out 
the test, and, (g) incorporates a simple operating procedure with the improved design. 
These are all criteria which have been taken into consideration seriously in designing and 
constructing the new thermal analysis probe. 
4.2 Characteristics of the Heat Pipe 
The main heat pipe characteristics which relate to the development of the new thermal 
analysis technique include the following: 
(1) Heat Transfer Capacity 
The new probe was designed and built based on innovative heat pipe technology 
developed by the Mucciardi and Gruzleski work group at McGill University [1, 2]. This 
new technology enhances the capability of heat removal along the heat pipe which may 
be obtained by initiating a vortex flow inside the evaporator section. This type of flow, as 
created in the heat pipe, is the very mechanism which makes the new probe so distinctive. 
The flow increases the operating temperature range of the heat pipe and reduces the 
importance of most of the limitations in selecting a working substance. For instance, 
water-based heat pipes suffer from film boiling if they operate in a molten aluminum 
environment, while the enhanced heat pipe operates efficiently under these same 
conditions. 
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(2) Safety Considerations 
One of the reasons for discarding the earlier designs developed at McGill is the fact that 
dealing with such working substances as cesium, potassium or sodium, involves safety 
considerations which become of major concem when using such a device either in the 
laboratory or in the foundry. Cesium is not a realistic choice because of its potential for 
environmental hazards, while sodium vapor is flammable. Thus, one of the objectives of 
the present work is to build a heat pipe probe utilizing an environmentally friendly 
working substance (water). 
(3) Simplicity of Operation 
One of the major shortcomings of the former designs previously developed at McGill was 
the complexity of the setup and the operating procedures. The first probe built by 
Meritian, M. [3] (see Fig. 4.1), used a thermosyphon for analyzing the solidification of 
aluminum alloys. Although the probe was innovative at that time, it had numerous 
limitations. One of these was the need to control the operative condenser area by 
introducing a pressurized inert gas which tended to act as a plug and effectively shut off 
the portion of the condenser which it filled. During operation, the inert gas was released 
to the environment and sorne of the working substance seeped out with the inert gas. This 
eventuality made it a distinct possibility that the work place would become contaminated 
with the working substance. Moreover, its operation tended to require excessively 
painstaking work due to the many variables which needed to be modified in the course of 
a single test. Such serious considerations necessitated developing a new design which 
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would betler correspond to contemporaneous needs. Later on in time, another probe was 
built by Mahfoud [4], (see FigA.2), using a sodium-based gravity-assisted heat pipe with a 
wick incorporated into the design of the updated probe. This probe, however, also 
suffered from serious drawbacks, one of which was the complexity of the operating 
procedures. The condenser required heating up to melt temperature in order to stop the 
probe from operating, while the cooling rate was regulated by controlling the heating 
elements on the condenser segment. Furthermore, it was not possible to apply cooling 
measures during the entire solidification process for certain aluminum alloys. This may 
be ascribed to limitations in the operating temperature range. Thus, it was difficult to 
detect intermetallic compounds forming at later stages of solidification (500°C - 520°C) 
without replacing the working substance in the probe [4]. 
NqIWSCALE 
Il ---,il;;~------, (D1hennocoupIe Inside the pipe CD Thermocouple inside the liquid AI CD ~ transducer 
T 
1 
1 CIJnd-.r 
1 
1 
1 
1 
-1-t~or 
-L-
Fig. 4.1 Schematic diagram of the first thermal analysis probe developed at 
McGill [3]. 
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Fig. 4.2 Picture of the sodium thermal analysis probe (second probe) [4]. 
The present design, as described in this thesis, remedies or overcomes the shortcomings 
of the previous probes. Probe operation may be halted simply by closing the return line 
valve, which then prevents the liquid water from feeding the evaporator. AIso, the 
cooling rate may be regulated by controlling the return line valve, and hence controlling 
the amount of liquid water returning to the evaporator. 
(4) Flexibility of the System 
The new probe is designed to cool down the sample at predetermined cooling rates which 
may be altered fairly simply during the cooling process as required. This new version of 
the probe is exhibits greater ease of maneuverability than the preceding systems. The 
evaporator segment is connected to the condenser by flexible hoses thus making it 
possible to move the evaporator segment without having to shift the condenser. 
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Furthermore, there is the added advantage that the condenser section may be mounted 
some distance away from the molten metal. 
Bearing the above characteristics in mind, the new heat pipe was also designed to 
monitor and control the quality of the melt. 
4.3 Preliminary Design Considerations 
There are several factors which play an important role in limiting the design options of 
the evaporator and the condenser sections: 
1. The size of the sam pie. The sample should be significant enough to represent the 
whole batch of molten metal, while at the same time, small enough to be frozen and 
reheated easily. The weight and the volume of the sample should also be comparable in 
weight and volume to the sample obtained using the available c1assical sampling cup. 
With regard to the probe, several shapes and sizes of heat pipe were taken under 
consideration for the new design and construction. A heat pipe with a donut-shaped 
sampling chamber and a concentric heat pipe with a cylinder-shaped sampling chamber 
were built. Both designs succeeded in cooling down the sample efficiently. It was 
decided, however, to carry out the experiments using the concentric heat pipe so as to 
eliminate the influence of geometry and cooling behavior on the cooling curve produced. 
This was deemed essential in order to compare the results obtained by both the probe and 
the c1assical cup methods. In this regard, the inner diameter of the heat pipe, which is the 
sampling chamber diameter, was selected at 9cm, while the height of the sample was 
subject to a variation of up to 20 cm, according to user requirements. For the present 
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study, 6 cm of height were sufficient to produce a sample close enough in weight and 
volume to the one produced using a sampling cup, (see Fig. 4.3). 
Fig. 4.3. Evaporator section of the new probe 
2. Dimensions of the working-substance chamber. This is the factor which affects 
evaporator size or the outer diameter. The evaporator chamber contains the flow 
modifier, the return line, and a free space into which the vapor may flow and which 
should be sizable enough to avoid the sonic limit. The dimensions of this free space may 
be determined by subtracting the outer diameters of the return line and of the flow 
modifier from the difference between the inner diameter of the outer cylinder and the 
outer diameter of the inner cylinder, (see Fig 4.4), as expressed in the following equation: 
4.1 
where d pis the free space dimension; 
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Do is the inner diameter of the outer cylinder; 
D;n is the outer diameter of the inner cylinder; 
d f is the flow modifier diameter; 
dr is the return line diameter. 
For the McGill heat pipe to operate efficiently, the diameter of the flow modifier should 
be about one tenth of the evaporator chamber gap, while the outer diameter of the return 
line should be half that of the evaporator chamber gap [1,2]. The flow modifier may be 
constructed, simply, out of a helical coil placed in the evaporator chamber adjacent to the 
inner wall of the evaporator or heat transfer surface. Based on past experience with the 
McGill heat pipe, the cross-sectional diameter of the flow modifier was selected at 2.5 
mm, the outer diameter of the return line was 8 mm, and the evaporator gap was 20 mm. 
Fig 4.4. Heat pipe evaporator components 
3. Operating temperature. This is a significant factor, in view of the fact that high 
operating temperatures lead to high vapor pressures inside the probe which is a situation 
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to be avoided. Evacuating the probe to a negative pressure before immersing it in the 
molten metal reduces the evaporation temperature and the associated saturation pressure 
of the working substance. In a molten aluminum environment (600DC - 800°C), the 
decrease in the evaporation temperature of the working substance is sufficient to avoid 
high pressure build-up inside the evaporator section. Also, an increase in the cooling 
effect inside the condenser causes the working temperature of the probe to decrease 
satisfactorily. The operating temperature range was selected between a minimum of 80DC 
and a maximum of 120DC, equivalent to about 0.47 atm and 2 atm of absolute saturation 
pressures, respectively [5]. 
5. Materials and production costs. The materials used to manufacture the evaporator 
and the condenser sections should be good thermal conductors and be able to withstand 
thermal cycles, which may occur with great severity across the evaporator walls. Initially, 
the evaporator temperature is in equilibrium with the bath temperature (approximately 
750°C), then it decreases when the probe is put into operation. The inner surface, close to 
the working substance, cools down rapidly to a temperature which approaches the 
temperature of this working substance, then it increases again to the bath temperature 
when remelting the sample is required, in this case the probe is in the off position. It 
should be emphasized here that the material used to construct the probe must be of 
relatively low cost and easy to handle during assembly. 
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4.4 Selection of Heat Pipe Components 
The probe, once developed, is composed of five main items. These are the evaporator 
chamber, the condenser chamber, the connecting hoses, the coating material, and the 
working fluid. Each one of these items plays an essential role in the successful outcome 
of this heat pipe project. 
4.4.1 Selection of Evaporator and Condenser Materials 
The chemical compatibility, working environment, degree of difficulty in production, and 
the cost are all major factors which govem the choice of the material out of which the 
pipe is to be constructed. The selection of the heat pipe container, in terms of 
compatibility with the working fluid, was based on the literature in the field and McGill's 
experience with heat pipes in the pasto Water was reported to be completely non-reactive 
with copper in a copper water heat pipe [6]. However, the problem of the high dissolution 
of copper, when it cornes into contact with molten aluminum, prevents it from being 
considered as an option. Water will also react with chromium and nickel in stainless steel, 
while the hastealloys will yield oxides of these metals and free hydrogen [7]. Past 
experience with heat pipes at McGill, however, reveals that the se reactions have a limited 
effect on the performance of stainless steel heat pipes, especially when medium scale heat 
pipes are considered. Elalem and Zhang [1,2] experimented earlier with stainless steel heat 
pipes and experienced no signs of failure over the course of their work. Based on 
information provided by them, and due to the relatively low cost and immediate 
availability of the product in many shapes and sizes, Type 316 stainless steel was chosen 
as the most suitable material for producing the heat pipe evaporator and condenser in the 
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case of the second and third probes. Nonetheless, when the compatibility between the 
heat pipe container and the liquid metal was considered, the problem of stainless steel 
dissolution had to be factored into the selection process. The problem was overcome by 
using boron nitride to coat the surface which cornes into contact with the liquid 
aluminum. Boron nitride is customarily used to coat the molds because it adheres firmly 
to stainless steel and does not tend to become wetted by liquid aluminum. As regards the 
case of hastealloy X, there have been no previous attempts, so far, to use this material in 
constructing heat pipes at McGill, although its capacity to withstand thermal cycles 
disposed us to use this material in constructing the evaporator section of the first probe. 
4.4.2 Working Fluid Selection 
In conventional heat pipes, temperatures of the application environment and chemical 
compatibility are the main constraints which limit the choice of a working substance. In a 
molten aluminum environment, at a temperature range of 500°C-800°C, conventional 
water-based heat pipes suffer from film boiling when in operation, which tends to reduce 
heat transfer across the pipe wall dramatically [6]. Thus, the choices are limited to the 
appropriate liquid metals: sodium, potassium, and cesium. The use of liquid metals inside 
the heat pipe complicates the operating process and reduces the controllability factor. For 
instance, direct control over the quantity of liquid returning to the evaporator is rendered 
over-complicated, while certain of the liquid metals, such as cesium, are not a valid 
option for this project because of their potential for producing environmental hazards. 
Because water is not a liquid metal, it would be the best choice in this case, on condition 
that the film boiling problem could be submitted to a functional solution, since it has high 
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latent heat, low liquid and vapor viscosities, and a moderate boiling temperature (about 
100°C at 1 atm). Moreover, the flow of water may be controlled simply by introducing a 
valve into a return line. The new heat pipe technology developed at Mc Gill overcomes 
the film boiling limitation associated with using water as a working substance. Based on 
the new heat pipe characteristics, a solution of 4% dish-washing detergent and distilled 
water was settled on as the working fluid. The soap was added to the water in order to act 
as a lubricant for the flow, thereby reducing the surface tension. Liquid detergent has an 
important role to play in relatively small-scale evaporators where the surface tension of 
the water is capable of blocking the return line. AIso, this is the first time that water has 
been integrated as a working fluid in pipes used for thermal analysis, particularly in view 
of the fact that, hitherto, regular water heat pipes have encountered limitations as a result 
of film boiling. The addition of a lubricant is, therefore, one of the key features which 
helped elevate the present probe over conventional heat pipes and the first two heat probe 
models. 
4.4.3 Coolant Fluid Selection 
Both water and compressed air were used to extract heat from the condenser. Water has 
the advantage of having a higher heat capacity than air; thus, a much lower flow rate 
would be required to extract the same amount of heat using water as that which would be 
required using compressed air. On the other hand, compressed air has the advantage of 
being available in every foundry and can be handled safely and easily. The exhaust can 
be discharged into the surrounding ambient air, since it is environmentally friendly, 
whereas the hot waste water would need to be drained off. 
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4.5 Cooling System Design 
Two condensers of the shell-cylinder type were built for the purposes of 
dissipating heat to the surrounding environment. Each one of the se two condensers was 
built according to different specifications and using different criteria. The first uses water 
as the secondary fluid, while the other uses compressed air and a solid block of stainless 
steel for cooling. The advantage of using this type of condenser is that a highly efficient 
cooling of the primary fluid may be achieved for a relatively short period of time, and 
consequently, a smaller size condenser is needed throughout the period in question. The 
advantages of using a water-cooled condenser is that the temperature of the working fluid 
remains relatively low, that is to say, lower than the working fluid temperature associated 
with the use of compressed air to cool the condenser. It should be noted that water may 
be used to cool both condensers; also, that using a thick block inside the condenser will, 
however, tend to add considerable thennal resistance across the heat transfer path causing 
a noticeable difference in temperatures across the block itself, and as a result, the 
temperature of the working fluid will rise. 
The coolant fluid is directed to flow through a cooling jacket designed to envelope the 
condenser segment of the heat pipe in which the walls are made of Type 304 grade 
stainless steel. The wall of the first condenser was 1 mm thick, based on a compromise 
between strength and thennal resistance, whereas the walls of the second condenser were 
30 mm thick. The proposed cooling system is illustrated in Figure 4.5. 
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Vacuum Control Port 
Cooling Fluid 
Outlet Port 
Cooling Fluid 
Inlet Port 
Vent Port 
Working Fluid 
Return Port 
Working Fluid Main Port 
Fig. 4.5 A schematic drawing of the condenser cooling arrangement. 
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Chapter Five 
Part One 
Experimental Procedures 
5.1 Introduction 
As mentioned earlier in Chapter Four, in order to fulfill the objectives ofthis study, a new 
in-situ thermal analysis setup was designed and implemented to replace the classical 
thermal analysis technique used so far for aluminum alloys. The new setup uses enhanced 
heat pipe technology to freeze the sample inside the container vessel or furnace. 
The evaporator segment in this system acts as a mold for the molten metal sample, and 
may be cooled down as desired. The probe evaporator is immersed in the liquid metal and 
once in the probe is set in running position, by introducing the working fluid is into the 
evaporator. It subsequently evaporates, and thereby establishes the temperature of the 
working substance, namely the probe operating temperature. Because of the temperature 
gradient across the evaporator wall, latent heat from the fusion of molten metal is 
extracted and the pre-selected sample of molten metal becomes solidified inside the probe 
core. The temperature of the solidifying sample is recorded instantaneously by means of a 
thermocouple placed at the center of the sample. During the freezing and remelting 
processes, time and temperature are recorded by a data acquisition system. When the 
sample is completely frozen, the cooling process is halted by preventing the working 
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substance from feeding the evaporator. Consequently, heat transfer between the 
condenser and the evaporator becomes insignificant compared to the amount transferred 
to the sample from the molten pool in which the sample remains immersed, and as a 
result, the sample remelts. The semi-continuous nature of this system may be attributed 
to the remelting process. 
Three heat pipes, each different in terms of configuration and shape, were successively 
designed and built. The unsatisfactory quality of the cooling curves obtained by the 
original heat pipe probes was the main reason for further modifying the design. 
5.2 First Probe 
The first probe was designed based on the new heat pipe technology developed at McGill 
University. The probe parameters were chosen exactly according to McGill heat pipe 
specifications [1] [2]. A separate return line with an outer diameter of 10 mm, together with 
a helical flow modifier composed of a helical spring 2 mm in diameter and a 20 mm pitch 
were used. This helical spring was positioned adjacent to the inner wall of the evaporator 
to assist the main two-phase flow, to initiate spinning behavior and to overcome film 
boiling drawbacks. The separate return line was used to eliminate the entrainment effect. 
In order to minimize the influence of the feeding or return line on the behavior of the 
main vortex flow, the return tine was positioned exactly at the center of the pipe with a 1 
cm gap from the bottom of the evaporator. 
In this probe, two flanges were used with a copper nng In between to facilitate 
assembling and disassembling the evaporator section. A coating of graphite was used to 
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avoid direct contact between the melt and the material out of which the heat pipe was 
constructed. 
The first design shown in Figure 5.1 was made of Hastelloy X, which is composed of 
48.3% Ni, 19.19% Fe, 21.69% Cr, 9% Mo, and 1.5% Co. This material was used because 
of its capacity to withstand the high thermal cycles resulting from cooling and heating, 
and also because of its high thermal conductivity compared to stainless steel. 
Air Gap 
6 in 
A-+-3cm 
Fig. 5.1. First design, evaporator section. 
Unfortunately, a number of serious problems arose while testing this probe both in a hot 
environment and in a molten aluminum environment. The first of these was the cost of 
the material which was substantially higher than that of stainless steel. The second was 
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the oxidation of the material which forms a layer of oxides on the heat transfer surface 
and reduces the efficiency in extracting heat from the sample volume (see Figure 5.2). 
The third difficulty was that sorne of the Hastelloy X material tended to dissolve in the 
molten aluminum (see Figure 5.3). The final problem was that invariability of the 
sampling volume, as displayed by this probe model, indicated a certain lack of flexibility 
in the design. 
a) Oxide layer on the return line and outer surfaces offlow modifier. 
b) Oxide layer on the inner surface of the evaporator 
Fig. 5.2. Oxides accumulated on the evaporator surfaces 
a) return line and flow modifier, b) the effective heat transfer area (evaporator wall). 
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Fig. 5.3. Outer surface offirst probe after experiments in a liquid metal 
environment. 
5.3 Second Probe 
Stainless steel was used to manufacture the second probe (shown in Figure 5.4), 
which was designed and built to overcome the shortcomings of the first probe. Thus, 
since an adjustable sample volume was one of the objectives to be met, a movable outlet 
jacket was introduced into the design with the aim of fulfilling two main functions: 
limiting the volume of the sample and insulating the rest of the evaporator from direct 
contact with the molten metal. An air gap of 3 cm was introduced between the outlet 
jacket and the outer wall of the evaporator. This air gap provides thermal resistance in the 
direction of the heat transfer. Thus, heat removal would occur mainly through the sample 
chamber wall, while a small fraction of heat passes through the remaining portion of the 
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pipe. The botlom of the pipe was also insulated by an air gap trapped between two discs 
welded to the botlom end of the pipe. Preliminary tests showed that this design made it 
possible to capture cooling curves which were similar to those obtained by traditional 
thermal analysis techniques using a sampling cup. The only difference to be observed 
was in the ability to detect the undercooling which occurs prior to solidification; it should 
also be noted that the tests were carried out using Type 356 aluminum alloy. This 
particular model of the probe was capable of measuring temperatures at four different 
locations away from the pipe surface, ranging from 1.7 cm to 4.7 cm from the center. 
Fig. 5.4. Second probe 
5.4 Final Design 
The third probe was designed so as to simulate the manner in which heat is 
transferred during thermal analysis using the sampling cup method, while at the same 
time maintaining all the advantages inherent in the original versions. Figure 5.5 shows 
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two views and the dimensions of the third probe evaporator segment. For the purposes of 
this new model, two major modifications in design were made. The first one incorporated 
a hollow concentric cylindrical evaporator into the design. The inner wall of the cylinder 
is 2 mm thick and 9 cm (3.5 in) in diameter, which is about the same as the diameter of 
the cylindrical sample, while the outer wall is also 2 mm thick but has an inner diameter 
of 14 cm (5.5 in). The second major modification was to reposition the return line and 
place it adjacent to the outer wall of the evaporator. It is believed that this particular 
positioning of the return line will play an important role in redirecting the flow towards 
the surface of the inner wall. Consequently, any gas layer which might form on the inner 
surface of the evaporator would be destroyed and the operating range thus lengthened, in 
that the effects of film boiling as a limitation would be much reduced. This enhancement 
in design places the new generation of Mc Gill heat pipes in a new individual category. It 
is now possible, for the first time, to use annular shapes to extract heat efficiently either 
from the inner surface by adding flow redirectors, and/or from the outer surface as a 
result of vortex behavior due to the presence of a flow modifier. 
The evaporator section, as shown in Figure 5.5, was built of several parts. The metallic 
wall isolates the sample of molten aluminum, thereby preventing it from mixing with the 
working substance while also conducting the heat from the sample to the working fluid. It 
is important to mention here that the poor heat transfer characteristics across this wall, 
when operating conventional heat pipes in such an environment, is the main reason for 
not using them in the thermal analysis of aluminum alloys. 
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a) Evaporator, third design. 
(Two Phase Line) 
0.0.1.65em 
1.0. 1.25 em 
gem 
b) Configuration of second and third designs 
in which high cooling rates are required. 
(Return Line) 
0.0.0.8 em 
1.0.0.6 em 
0.0.0.3em 
Piteh 2 em 
C) Sketch ofthird probe ( shown in Fig. 5.5.a) 
Fig. 5.5 Third design 
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In our capacity as research engmeers and developers of industrial designs, we are 
interested in extracting the heat from a limited volume, which is represented by the 
sample alone. Since the main aim of this project is to create an in-situ probe, it is 
necessary to reduce the amount of heat transferred from the remaining melt in the 
crucible either to the heat pipe surface or to the sample itself. This reduction may be 
achieved simply by adding a thermal resistance factor such as an air gap or an insulating 
layer trapped in the outer sleeve, a concept which has already been included in one form 
or another in all of the three designs produced to date. Thus, the outer surface of the 
evaporator is insulated using a 5 mm layer of insulating wool covered by a stainless steel 
sleeve 2 mm thick. The sleeve also acts as a barrier to prevent the molten metal from 
wetting the insulation. This insulating of the outer surface of the evaporator is an 
essential step because it significantly reduces the heat transferred from the molten bath to 
the probe. The outer sleeve is coated with boron nitride to prevent it from dissolving in 
the molten aluminum. 
Two return lines placed opposite each other inside the evaporator, close to the outer wall, 
supply the evaporator with the liquid phase of the working substance. These return lines 
are made of two lengths of piping, 8 mm in outer diameter and 1 mm thick. Although the 
pressure is higher in the evaporator section than in the condenser section, the flow inside 
the return line goes towards the evaporator. This movement is due to the pressure of the 
water column and the addition of a vent line so as to prevent the vapor from blocking one 
end of the return line. 
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The main line begins with a rectangular section which then converges at the end of the 
evaporator, and is connected at the other end to a flexible hose which is attached to the 
condenser as shown in Figure 5.5 (b). The convergent section was chosen as suitable for 
avoiding any stationary gas in the evaporator, or at least minimizing its quantity. The 
presence of stationary gas will tend to act as an insulating layer; thereby reducing the 
efficiency of the evaporator in extracting heat from the sample. 
The connecting hoses, which are made of flexible metallic material, connect the 
evaporator segment to the condenser. Such hoses afford a wide range of maneuverability 
when placing or moving the heat pipe inside the crucible, and for keeping the condenser 
at a safe distance from the melt. 
The evaporator chamber is provided with an adjustable lower plate for two reasons. The 
first is to reduce the amount of heat transferred from the melt to the sample during the 
freezing process; furthermore, it was found that the presence of the plate has an effect on 
the quality of the signal produced by the thermocouple: it reduces thermal noise, or 
convection, which occurs naturally within the melt. The second reason is that an 
adjustable lower plate would facilitate the extraction of a physical sample of the melt for 
further investigation. 
A preliminary test was carried out and the results were promising. It is important to 
mention here, that both the second and third designs may be used in tandem when high 
cooling rates are required (see Fig. 5.5.b). 
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5.5 Experimental Setup 
The same setup was used for all three probes (see Fig. 5.6). The evaporator segment is 
connected to the condenser by means of flexible hoses. As a security measure, a stand 
was mounted to keep the condenser away from the furnace. In view of the fact that a 
frequent cause for concem related to heat pipe performance is the existence of non-
condensable gases in the heat pipe system, a vacuum pump was used to reduce the 
pressure inside the probes and to eliminate this superfluous gas. If it is present, this gas 
will accumulate at the condenser end of the pipe and form a gas plug which shuts off a 
part of the condenser, reduces the condenser effective area, and ultimately reduces the 
condenser cooling load which leads to an increase in the temperature and pressure of the 
working substance. 
There are two ways of removing the air from the heat pipe system. The tirst is to heat the 
system to about 100°C and then to open the vacuum valve at the top of the condenser 
until a stream of vapor emerges from it. The second method is to rai se the temperature of 
the heat pipe to 80°C and then to apply a vacuum pump while at the same time 
monitoring the vacuum pressure gauge until it reaches 40.5 kPa. Once the evacuation 
process is completed the vacuum valve should be closed again. 
In terms of pipe mobility, a clamping system or holder was used to place the evaporator 
in the liquid metal bath, and to raise and lower it according to experimental requirements. 
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Fig.5.6 Experimental Setup 
5.5.1 Measurements and Instrumentation 
Temperature Sensor 
A number of considerations influence the choice of the type of thermocouple used to 
detect the temperature for a specifie application. The most important of these is the time 
constant which is defined as the time required by a sensor to reach 63.2% of a step 
change in temperature under a specifie set of conditions. An exposed junction 
thermocouple is recommended where a rapid response time is sought for. The junction 
extends beyond the protective ceramic sheath to provide accurate yet rapid responses. 
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The sheath insulation prevents the infiltration of fluid which could cause faulty readings. 
The thermocouple time constant and response time are functions of the thermocouple 
diameter. 
Type K thermocouples have an operating range between -100°C and 1250°C. The time 
constant for this type of 0.01" diameter thermocouple is 0.15 seconds and the response 
time is 0.8 seconds as measured for exposure between 93.3°C and 37.8 oC in a water 
medium. These thermocouples were thus used to detect temperatures at the following 
locations: 
1) For the aluminum sample, a 0.01" diameter thermocouple was placed in the probe 
core where the aluminum sample was located. 
2) For the working substance temperature, two thermocouples 0.02" in diameter 
were used here. The tirst was inserted into the middle of the condenser through 
the condenser end cap, while the second was inserted inside the evaporator 
section. This disposition of the thermocouples provided instantaneous monitoring 
of isothermal conditions inside the pipe. Hence any changes in the fluid in the 
evaporator section could be detected promptly and rectified either by increasing 
the return flow rate or reducing the cooling load in the condenser. 
3) For the inlet and outlet fluids, four thermocouples were mounted at the inlet and 
outlet ports of the condensers and were used to calculate its cooling load. 
4) For the liquid metal bath, the thermocouple used to measure the temperature of 
the molten metal bath was sheathed with 3.2 mm stainless steel sheath and sealed 
inside a ceramic tube for protection. 
77 
Pressure Sensor 
A vacuum pressure gauge coupled with a vacuum pump was used to evacuate the air 
from the system prior to the tests. It was also used to monitor the pressure inside the 
system during the test proper. The operating range of the pressure was set at between 
40.5 kPa and 202.3 kPa and could be modified either by reducing the amount of liquid 
feed to the evaporator or increasing the cooling load on the condenser segment; or a 
judicious combination of the se steps. 
Flow Sensor 
Two types of rotary flow meters were used for monitoring the flow. The first is suitable 
for compressed air, and is able to read up to 90 standard cubic feet per minute; the second 
one is suitable for measuring the water flow and reads up to 0.1 l/sec. The flow meter is 
an essential part of the setup of the experimental apparatus considering that the amount of 
heat extracted from the condenser is directly proportional to the mass flow rate of the 
cooling fluid. The quantity of this coolant as it passes through the condenser is controlled 
by introducing a gate valve at the condenser inlet port. The flow rate is used to calculate 
the amount of heat rejected at the condenser segment, which is also equal to the amount 
ofheat absorbed by the evaporator. 
5.5.2 Experimental Methodology 
A former attempt, made by the Gruzleski and Mucciardi Research Group to develop an 
in-situ thermal analysis probe, was intended to have the capability of regulating the 
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cooling rate of the solidification phase [3, and4]. They endeavored to make use of 
conventional heat pipes in conducting the thermal analysis of aluminum alloys. An 
elaborate device was assembled for this purpose and a doctoral thesis reported on the 
development and outcome of the project. The complexity of its operating procedure, 
however, as weIl as the design itself, make it unsuitable for industrial applications, thus 
the concept was withdrawn for the then foreseeable future. 
After McGill's great success in developing a new heat pipe for the aluminum industry to 
cool permanent molds, and also in developing a new type of oxygen lance for the steel 
industry, the need to design a functionally updated probe for in-situ thermal analysis re-
emerged once again[2]. 
The survey of the literature which was carried out in this regard revealed that, to 
date, in-situ thermal analysis does not appear to be used either in industrial foundrles or at 
the laboratory level. To the best of the author's knowledge, the latest technique used in 
laboratories is based on melting the sample in a small induction furnace in such a way as 
to control the temperature and consequently the cooling rate of the sample. 
To date, only three individual designs have been implemented in departmental machine 
shops and tested in the MMPC laboratory (McGill Metals Processing Centre) at McGill 
University, in the TAMLA group laboratory (Technologie avancée des métaux legers) at 
University of Quebec at Chicoutimi, and also at the industrial plant of Grenville Castings, 
Ontario. 
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At the laboratory level, a melt of about 33 kg of 356 aluminum alloy was prepared in a 
35-kg capacity silicon carbide crucible which was coated with boron nitride. Table 5.1 
shows the chemical composition of the alloy used in this study. The crucible was heated 
in an electric resistance furnace. AIl thermal analysis tests were carried out in the 
following two ways: 1) using the classical sampling cup, and, 2) using the new in-situ 
probe. The tests were thus carried out in pairs and generated simultaneous cooling curves. 
A preheated graphite sampling cup (650°C) was used to carry out the classical thermal 
analysis, whereas the evaporator section of the modified heat pipe was used as an in-situ 
mold for the new technique. 
Element 
Al% Si% Mg% Cu% Mn% Fe% Zn% Ti% StJ/o 
Alloy 
356 92.6 6.79 0.38 0.006 0.0009 0.062 0.006 0.1 0 
390.1 77.47 17.3 0.54 4.33 0.06 0.32 0.06 0.07 0.001 
319 91.6 6.3 0.07 >1.5 0.05 0.35 0.05 0.007 0 
6063 98.7 0.43 0.52 0.06 0.037 0.18 0 0 0 
Al-Si binary alloy 92.8 6.82 0.016 0.11 0.02 0.21 0.002 0.005 0 
Table 5. 1. Chemical analysis of the alloys used in the present study 
The heat pipe was regulated to cool down the solidifying sample at a steady heat 
extraction rate. In order to obtain the results reported in this study, the samples were 
80 
cooled from 750°C to 500°C at an average cooling rate of 0.8°C/s. This data reflects the 
conditions prevailing in the permanent mold casting process. The melt temperature was 
measured at the center of the sample by a K-type thermocouple which was linked to a 
data acquisition system and recorded at 0.2 second intervals. The cooling curves 
obtained at this cooling rate revealed a greater quantity of information than did those 
recorded under conditions of more rapid cooling. The results were then compared with 
the cooling curves obtained by the conventional sampling cup technique which involved 
a 0.8°C initial cooling rate and a O.3°C average cooling rate. 
For each cooling curve, the first derivative curve was plotted, and the portion of the 
cooling curve pertinent to this study was expanded to allow the retrieval of data from 
both the cooling curve and the first derivative curve. This last, obtained by the classical 
method, was smoothed by averaging the values over 2-second time intervals. It was 
necessary to do this to reduce the thermal noise that the classical technique generated. 
Physical samples from both the new and classical techniques were extracted and prepared 
for metallographic study by cutting a piece from the center where the thermocouple was 
placed. Sorne samples were observed after etching and others were examined after 
polishing. A JEOL scanning electron microscope (Japan Electron Optics Laboratory) was 
used to determine the surface fraction of the iron and copper phases. This microscope 
was coupled with an EDS (Energy Dispersive Spectrometer) to assess phase 
identification. 
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Once the EDS analysis was used to identify the phases in the microstructure, an image 
analyzer in conjunction with microstructure photography was used to examine the extent 
of the modification taking place. Comparisons between the proposed updated technique 
and the classical thermal analysis method were carried out based on the considerations 
outlined in the following steps: 
1. Monitor the response of the cooling curve to determine the effect of several 
concentrations of grain refiners in the melt. This was achieved by adding 
titanium to the melt in the form of AI-1 0% Ti master alloy and investigating its 
impact on the cooling curve. Two concentrations of titanium were used: 0.2 
wt% and 0.42 wt%. 
2. Monitor the effect of a modifier in the melt on the cooling curve. The level of 
the modifier in the melt was changed by adding strontium in the form of AI-
10% Sr master alloy. 
3. Examine the sensitivity of each of the two techniques in order to detect minor 
reactions which might occur because of the presence of impurities in the melt. 
This operation may be carried out: by adding iron to the 356 aluminum melt in 
the form of a master alloy (25% Fe-75% Al); by adding magnesium to the 
temary alloy melt (Al-Si-Cu) in the form of a master alloy (25% Mg-75%Al); 
and by adding copper to the binary alloy melt (Al-Si) in the form ofpure copper 
metal. 
4. Examine the operating range for the new probe. As mentioned earlier, the 
temperature of the environment is the reason why conventional heat pipes are 
not used in this context. Thus, one of the critical issues in designing the 
experiments for this project was ascertaining that the new probe would operate 
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efficiently in covering the solidification range for the aluminum alloys. The 
temperature of the working environment may be increased by raising the 
liquidus temperature of the 390 aluminum eutectic alloy. This is achieved, 
according to the alloy phase diagram, either by increasing or reducing the 
concentration of the alloying element (Si) in the melt. Five different 
concentrations of silicon were investigated; the concentrations, in weight 
percent, varied between Il % and 20%. The maximum liquidus temperature was 
about 695°C associated with a 20 wt% concentration of silicon in the melt. 
5. Test the capability of the new technique to pinpoint minor reactions during the 
solidification of 6063 wrought aluminum alloy. 
5.5.2.1 The Cooling Period 
Once the temperature of the sample and that of the evaporator reach the bath temperature, 
or molten metal temperature, the test is initiated. The liquid water is fed to the evaporator 
by gradually opening the return line valve. This procedure determines the amount of 
liquid flowing to the evaporator and consequently the rate at which the heat is extracted 
from the sample. Thus, the setting of the return line valve was predetermined by the 
required cooling rate of the aluminum sample. High flow rates from a wider opening 
result in high cooling rates, and vice versa. Based on this, it is possible to obtain a range 
of cooling rates simply by changing the return valve setting. It is important to mention 
here that the cooling rate is strongly dependent on the condenser cooling load, or in other 
words on the cooling fluid flow rate. For thls reason, the cooling loads during the tests 
were decided upon by setting the same flow rate for the cooling fluid in all the tests. In 
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fact, it is the working substance that is cooled by the cooling fluid and not the aluminum 
sample itself, therefore, any modification in the temperature or pressure of the condenser 
will necessarily affect the temperature of the sample. 
5.5.2.2 The Heating or Remelt Period 
To ensure that the results are reproducible, the thermal analysis test was repeated several 
times for the same sample and under the same conditions. The return Hne valve is closed 
after freezing the sample and obtaining the cooling curve, and as a result, the cooling will 
cease. The heat transferred to the sample from the molten bath causes an increase in the 
sample temperature and will eventually remelt the sample. Once the sample regains its 
earlier temperature, as recorded prior to the cooling process, the test is repeated once 
again. Most of the experiments were conducted at a superheat of about 150°C except for 
the industrial tests in which the superheat was approximately 100°C causing the sample to 
remelt within a very reasonable time frame. 
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Chapter Five 
Part Two 
Preliminary Tests 
Hot Environment Tests 
The first probe underwent two series of experimental trials, the first of which involved 
testing under the hot environment conditions of a natural gas furnace with an operating 
temperature of up to 1300°C. First of all, the evaporator section of the heat pipe was 
introduced into the furnace. lnitially, the probe was in the off-mode until its temperature 
approached that of the environmental temperature inside the furnace, upon which the 
color of the probe turned from black to red (see Figure 5.6). 
(a) Probe as seen inside gas furnace (b) Probe as seen removed from furnace 
(c) Water fed to evaporator 
Fig. 5.6 First probe under elevated temperature conditions 
85 
Two thermocouples, opposite to each other, were used to detect the temperature at a 
distance of 5 mm from the probe surface. The working substance, water, was fed to the 
evaporator by opening the return line. The respective temperatures of the heat pipe inside 
the condenser, the inlet cooling water, and the outlet cooling water were recorded by 
means of the thermocouples and a Data Acquisition System. Figure 5.7 shows the 
variation in these temperatures, as a function of time, while the heat pipe was set in 
operation. The temperature readings from both the thermocouples located near the probe 
surface, decrease sharply, although there is a 5 mm gas gap between them. This indicates 
that the cooling was highly effective in that specifie region. 
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Figure 5.8 shows the variations in the dissipated energy in the condenser with the 
opening of the return line valve. The figure shows the feasibility of regulating the heat 
absorbed by the probe through controlling the amount of liquid water fed to the 
evaporator section. Four cases are c1early illustrated in this figure: (i) the rapid response 
of the heat pipe which is represented in area A; (ii) the amount of heat extracted and how 
this corresponds to a slightly open return valve, approximately 3800 W, in area B; (iii) 
area C shows the decline in the amount of heat extracted as the valve opening is reduced; 
(iv) areas D and E show the response of the probe to cutting off the return fluid, and then 
the reintroducing of a small amount, respectively; (v) areas F and G show the rapid 
response of the probe when the return line is opened to the full, and then the maximum 
heat which can be extracted by the probe when it is operated under similar conditions. 
This indicates that the amount ofheat removed by the probe is proportional to the amount 
of water fed to it. 
Diaslpatad Energy 
6000~---------------------------------------.~----------~ 
A 
5000 
4000 
l l "00 evaperator la 
............. -~ oMokmg_ookw 
2000 
The_ ".lavA la 
1000 fully opened 1 The valve la allghtlyTh. valve-Ia 
openeci .. --
__ The valve la closed completelv 
allghtly op.ned and th.n It 1. slightly opened 
O+-~--~~--~~~--~~--~~~~~~~~~--~~--~~ 
160017001800190020002100220023002400250026002700 2800 2900 3000 3100 3200 3300 3400 3500 
TlmeC_1 
Fig. 5.8 Energy absorbed by the probe in a hot environment. 
87 
Molten Metal Environment Test 
The second set of tests was carried out inside molten 356 aluminum alloy. Obtaining the 
resultant cooling curves was the primary objective, while regulating the cooling rate was 
the second. Figures 5.9 (a) and (b) show the cooling curves of 356 aluminum alloy at two 
different cooling rates; and (c) the cooling curve obtained using the conventional thermal 
analysis method. These figures show the ability of the probe to detect the start of 
solidification, the eutectic reaction, and the end of the solidification process. However, 
the probe is still not able to detect the occurrence of the undercooling phenomenon prior 
to the beginning of solidification or its occurrence prior to eutectic solidification. This 
lack may be due to a deficiency in the size of the sample whose volume may be 
insufficient for the thermocouple to sense the small amount of energy released; 
otherwise, it may be due to the high temperature gradient in the direction of 
solidification, with the solid-liquid interface propagating against the direction of cooling 
in the manner of a wave. 
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The second probe sampling chamber is three times bigger than the first one. Four 
thermocouples were used to measure the temperature at four different locations away 
from the probe surface. Figure 5.10 shows four cooling curves, each representing the 
solidification phenomenon at that particular position of the thermocouple. The curves do 
not show the undercooling feature due either to the halting of the process prior to 
solidification or to the eutectic reaction. Moreover, the high temperature gradient 
displayed at the four thermocouple locations, about 1.45°C/mm, may be observed clearly. 
This observation is in keeping with the nature of the propagation of the solid-liquid 
interface. 
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The third probe was designed to overcome the temperature gradient problem by applying 
radial cooling toward the center, for which purpose a further heat pipe was added instead 
of an outer jacket. Figure 5.11 shows the cooling curves for this combination of two 
concentric heat pipes. The rapid speed of cooling caused the temperature of the sample to 
decrease from 750°C to 500°C within a time lapse of 120 seconds, although the outer heat 
pipe was put into operation after 70 seconds. In order to reduce the cooling speed, the 
inner or central pipe was removed. Figure 5.12 shows the cooling curve obtained both by 
the probe with only an outer heat pipe in operation, and by the classical sampling cup 
method; the features of both the curves seem to match those obtained by the traditional 
method. The first derivative for both curves is plotted against time (see Figure 5.13). 
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Based on the results previously shown in this section, it was decided to use the outer heat 
pipe alone, as the thermal analysis probe, to carryout both the laboratory and industrial 
tests which are presented in the results and discussion chapter. 
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Chapter Six 
Results and Discussion 
6.1 Introduction 
After confirming that the new system was worthy of confidence, the next step was to test 
the degree of sensitivity of the probe in detecting a number of melt parameters as 
imposed in aluminum foundries for enhancing cast quality. Normally, these parameters 
are detected by means of the c1assical thermal analysis technique or the application of 
sophisticated and costly devices such as emission spectrometers. 
Several melt treatments were investigated for the purposes of developing this thesis, 
inc1uding assessment of grain refiners, assessment of the level of modification of eutectic 
silicon, and detection of the intermetallic reactions which take place during the 
solidification of the aluminum alloy. 
Since the probe is a heat transfer device and its applicability depends on the working 
temperature range, five liquid aluminum alloys were chosen for testing: 356,390, 6063, 
and 319 aluminum alloys, and an Al-Si binary alloy. See Table 5.1 for the chemical 
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concentrations of the alloying elements. Among the se, AI-20 wt%Si alloy has the highest 
melting point of about 690°C. 
6.2 Grain Refinement 
One of the comparison parameters between the new probe and the classical thermal 
analysis technique is to monitor the response of the cooling curve, as generated by each 
of the two techniques, in order to determine the effect of several concentrations of grain 
refiner in the melt. This was achieved first by adding titanium to the melt in the form of 
AI-10%Ti master alloy and then investigating its impact on the cooling curve. 
Two different levels of titanium were used for grain refinement: 0.2 wt% and 0.42 wt%. 
An Al-lO%Ti master alloy was used to introduce titanium to the melt, and was added in 
two separate stages. The amount of titanium to he added was calculated on the basis of 
the melt weight of 32 kg. A graphite plunger was used to add small pieces of the Al-
10% Ti master alloy which was introduced into the bottom of the crucible so as to avoid 
oxidation. The melt was then stirred for three minutes to avoid sedimentation of the 
titanium and to improve homogeneity. After that, the probe was inserted into the melt, 
and when the temperature of the probe reached that of the melt, the test was triggered. A 
scoop of the melt was then poured out into a sample cup which was a graphite mold in 
the form of a truncated cone, Il cm high, and 7 x 5 cm in diameters; at the same time the 
probe evaporator was wetted with the working substance by gradually opening the return 
line valve. Ralf a turn of the valve was found suitable to cool the sample at a rate of 
0.8°C/sec when the condenser water-flow rate was 15 gis. The temperatures of the 
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solidified samples, as extracted by the c1assical cup and probe methods, were recorded by 
means of two thermocouples placed at the center of each of the two samples. A computer 
interface card together with a Lab View software program installed on a regular personal 
computer were used to record and store the measured data with the corresponding time 
values in a data file. The data were then analyzed and plotted against time using either 
Excel or Matlab software programs. 
The results were as expected. The grain size decreased according to the increase in the 
grain refiner concentration in the melt. Moreover, the rate of the reduction of the average 
grain size diminished with an increasing concentration of grain refiner. Figures 6.1 and 
6.2 show the grain size and how it varies with the various concentrations of titanium in 
the melt. In order to verify the results generated using both techniques, a sample for 
metallographic investigation was sectioned from the solidified samples obtained. These 
extracted samples were then ground using 180, 320, 400, 600, and finally 800 grit 
sandpaper. After that, they were polished, etched and photographed to measure the grain 
size. The results show that the grain size decreases as the concentration of the grain 
refiner (Ti) in the melt is increased. 
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a) 356 Al with 0 wt% Ti 
c) 356 Al with 0.4 wt% Ti 
b) 356 Al with 0.2 wt% Ti 
Fig. 6.1 Microstructures of356 Al alloy with addition of Ti to the melt in concentrations 
of(a) 0%, (b) 0.2%, and (c) 0.4 %. 
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It is possible to monitor such behavior from an analysis of the cooling curve, and more 
specifically by studying the primary undercooling portion of the cooling curve as 
obtained by both the classical and the proposed techniques shown in Figures 6.3 (a) and 
(b). These two figures are in fairly satisfactory agreement with each other. The cooling 
curves for the solidifying samples, as obtained by both techniques simultaneously and 
under the same melt conditions, exhibit similar behavior and characteristics, including 
undercooling, nucleation temperature, recalescence, and apparent time. 
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Figures 6.4 (a), (b), (c), and (d) show how the level oftitanium affects the features of the 
primary undercooling which appear as a result of the formation of the a-aluminum phase. 
The undercooling decreased with increasing concentrations of grain refiners in the melt, 
as a result of an increase in the number of the heterogeneous nuclei. Consequently, the 
thermal driving force required is less, and this leads to a lesser amount of undercooling as 
measured on the solidification curve. Subsequently, the undercooling will disappear 
completely when there is a sufficient number of heterogeneous nuclei in the melt. 
The energy released during nucleation strongly affects the apparent time as shown in 
Figure 6.4 (b). Under the same cooling conditions, the less the energy that is released, the 
faster it is consumed by the cooling effect. In these experiments, the case of 'sufficient' 
heterogeneous nuclei in 30 kg of molten metal was obtained by adding 0.4 wt% Ti to the 
melt. At this titanium level, the undercooling approached zero. Figure 6.4 (c) shows the 
recalescence temperatures as they increase with increasing concentrations of grain 
refiner. This is the expected behavior with the highest temperature occurring at the point 
of zero undercooling. 
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Figures 6.4 (a),(b), (c), and (d) Variation of the undercooling, apparent time, recalescence 
and nucleation temperatures, as a function of the Ti concentration in the melt. 
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6.3 Eutectic Modification 
Two concentrations of strontium in 356 Al melts were used to test the ability of the 
proposed technique to assess the level of modification of the melt. These two strontium 
concentrations were 70 ppm and 135 ppm, while the master alloy used to add this 
element was AI-IO%Sr. The equipment and procedure employed for the se additions were 
the same as those used in grain refinement tests. After each addition, samples for 
chemical analysis were also taken so as to determine the actual Sr concentration. 
In order to carry out the comparison between the proposed technique and the classical 
technique, both experiments are set in motion simultaneously under the same melt 
conditions. The main difference is that the proposed technique is able to maintain the 
same heat extraction level during solidification, while the classical technique displays a 
variable cooling effect during the same test period. The reason for this variability is the 
formation of an air gap between the solidifying sample and the cup walls during freezing. 
Thus, the heat extraction level is at its maximum at the beginning of the process, then it 
decreases sharply when the gap is formed. Figures 6.5 (a) and (b) show the eutectic 
portions of the cooling curves obtained by both techniques. 
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When considering the cooling curve obtained using the in-situ technique, the eutectic 
temperature decreased from 568°C to about 560°C and the undercooling increased from 
1.2°C to 2°C when the strontium leve1 was increased from 0 ppm to 70 ppm. When the 
strontium level was raised to 135 ppm, the eutectic temperature increased to 561.7°C and 
the undercooling dropped to approximately OAoC (see Figure 6.6). 
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Figure 6.6 Variations in undercooling with varying concentrations of Sr in ppm. 
With the addition of 70 ppm of strontium, the eutectic temperature decreased 
from 568.5°C to 563°C at 0 level of strontium, when the c1assical cup method was used. 
A further increase of strontium to 135 ppm raised the eutectic temperature to 563.9°C. 
Satisfactory agreement may be noted when comparing the cooling curves obtained by 
means of each of the two techniques; there is a noticeable difference, however, in the 
undercooling when the case of 135 ppm strontium is considered. This arises from the 
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difference in the cooling behavior of the two techniques. It should be noted that the new 
probe is able to provide an approximately constant cooling effect during solidification. 
Moreover, the cooling rate is higher than that provided by the classical technique at the 
same eutectic region of the cooling curve, as is clear from the image analysis results for 
the silicon particles shown in Figures 6.7 (a) and (b). 
The difference in the average area and average length of the silicon decreased with 
increasing concentrations of strontium in the melt, considering that the effect of the 
modifying agent balances out the difference in the cooling effect. However, because of 
the fonnation of an air gap, this effect is not evident at the very beginning of 
solidification, since both techniques will then have the 'same' cooling effect. The air gap 
becomes the rate controlling factor which controls the heat transfer step and thus 
regulates the cooling for the classical technique. Whereas, the fact that the test is 
conducted in-situ for the heat pipe probe, the liquid aluminum from the bath flows to fill 
any air gap which might have fonned during solidification. 
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In order to verify further the applicability of the probe in detecting the level of 
modification for 356 aluminum, the results from the present study were compared with 
published results for the same strontium concentration range. The eutectic temperature is 
the main feature of the cooling curve which undergoes alteration with the level of 
modifier in the melt and it has, consequently, been used as a comparison parameter. 
Figure 6.8 shows a comparison between the results obtained by the probe, the classical 
cup method, and the results published by Gupta [1]; in the figure, three curves show 
similar behavior. The eutectic temperature decreased by about 10°C when the modified 
structure was reached, and then it increased slightly when the concentration of Sr 
increased in the melt. 
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109 
Figure 6.9 shows the variation of the dendrite arm spacing (DAS) with the level of 
modification. A maximum difference of about 12% in this spacing may be observed 
between the two techniques which were applied. Dendrite arm spacing is strongly 
affected by the cooling rate, and since the solidification starts off at approximately the 
same cooling rate for both techniques, a reasonable difference in DAS was obtained. 
Figures 6.10 and 6.11 illustrate the microstructures of the metallographic samples 
sectioned from the solidified samples obtained by applying both techniques. 
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(a) 70 ppm Sr (b) 135 ppm Sr 
Figure 6.10 Microstructure at two different levels of modification. Samples obtained by 
the proposed technique: (a) contains 70 ppm Sr, and (b) contains 135 ppm Sr. 
(a) 70 ppm Sr (modified) (b) 135 ppm Sr (over-modified) 
Figure 6.11 Micrographs for two different levels of modification. Samples obtained by 
the c1assical technique: (a) contains 70 ppm Sr, and (b) contains 135 ppm Sr. 
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6.4 Detecting and Quantifying Iron Intermetallics 
Iron quantification in the molten metal prior to casting is a topic of major interest to 
aluminum foundries. Usually, iron exists in the melt in the form of hard brittle platelets 
which adhere weakly to the surrounding matrix [2-61. In a metallographic section, the 
morphology of the iron in this phase appears acicular or needlelike, and its presence is 
detrimental to the mechanical properties of the alloy. Because ofits shape and nature, this 
phase is highly inconvenient when it occurs in the cast structure. The platelet shape acts 
as a stress raiser, while the brittle nature of these plates leads to machining difficulties, 
and provides potential sites for machine tool failure [2,3 and 71. 
In practice, it is difficult to get rid of iron-contamination pnor to casting. The 
undesirable effects of iron, however, may be minimized by rapid solidification, melt 
superheating, and the addition of chemical agents to the melt [3, and 41. In the first of these 
cases, rapid solidification, the p-iron phase forms in a greater amount of smaller size 
particles which are distributed more homogeneously [21. 
The other two techniques endeavor to change the morphology of the iron intermetallic 
phase to a Chinese script shape. In the melt superheating technique, the temperature is 
increased beyond the norm prior to pouring. Awano and Y oshihiro [71 found that, when 
using this technique, the iron phase tended to crystallize in a Chinese script shape rather 
than a needlelike shape under high cooling rate conditions. 
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The third technique uses chemical agents such as Mn, Cr, Co, Be, and Mo to react with 
iron, silicon, and aluminum to form a Chine se script intermetallic phase, Alts(Mn,Fe)3Sh. 
Manganese is frequently used to reduce the effects of iron contamination. The presence 
of manganese in the melt in sufficient quantities expands the a-phase region, and also 
increases the possibility of a-phase crystallization even at high levels of iron in the melt [ 
6,7]. The reported ratio of Mn to Fe which is sufficient to ensure the formation of the a-
phase rather than the p-phase is 1: 2 [2, 3, and4]. In order to use the addition of manganese 
to neutralize the effects of iron in the melt, a measuring technique is required to quantify 
the amount of iron present. 
A spectrometer is used in large foundries to analyze a sampling of the melt and to obtain 
the exact chemical analysis. However, a spectrometer is relatively expensive and is not 
available in all foundries, especially medium- and small-size plants. Also, doing this type 
of analysis is time-consuming; since the casting process must be held until a physical 
sample is extracted and then analyzed by the spectrometer at a laboratory which is 
located at sorne distance from the furnace. 
The thermal analysis technique has the potential for making an approximate prediction as 
to the amount of iron in the melt[2 , 7 , and 8]. Earlier studies carried out by a number of 
researchers including Mackay, Narayanan, Tenekedjiev, Samuel, and Gruzleski, show 
that thermal analysis can be a reliable method for quantifying the iron content of 
al · ·1· all 1· . [29 and 10] ummum-sl lcon oy me ts pnor to castmg " . 
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IRON INTERMETALLICS 
Figure 6.12 (a) shows the cooling curve and the associated frrst derivative curve obtained 
by perfonning classical thennal analysis, while Figure 6.12 (b) shows the cooling curve 
and the associated first derivative curve generated by the new probe. Both test techniques 
were carried out simultaneously under the same melt conditions and with 0.93 wt% iron 
in the melt. The peak corresponding to the f3-iron intennetallic phase is more clearly 
defined and identifiable in the case where the new probe was used. Moreover, the time 
needed to generate a cooling curve which provided a useful level of infonnation was 
substantially less using the new probe. The time frame required for applying classical 
thennal analysis techniques so as to generate approximately the same amount and quality 
of infonnation was about three times greater than that required using the new probe. This 
may be seen clearly by comparing the time axes in Figures 6.12 (a) and (b). About 550 
seconds were required for the sampling cup to generate the cooling curve shown in 
Figure 6.12 (a), while about 150 seconds were sufficient for the new technique to 
generate the curve shown in Figure 6.12 (b). Although it would have been feasible to 
carry out the classical test in less than 550 seconds, this specific time value was used 
because it made it possible to start both tests with an initial cooling rate of 0.8°C/s. 
This reduction in test time may be ascribed to the differences in thennal behavior 
between both the techniques applied. In the classical technique, an air gap fonns on the 
heat transfer surface shortly after the sample starts to solidify and causes high thennal 
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resistance in the direction of the heat flow. When using the new probe, however, fresh 
material from the surrounding molten environment flows in to fill any shrinkage induced 
by solidification. The interface thermal resistance between the sample and the probe wall 
is thereby reduced significantly, and there is a minimal decrease in the heat transfer 
across the probe wall. Thus, there will be very little modification in the rate of the heat 
extracted from the solidified sample during the solidification process. 
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Fig. 6.12 Cooling curves and associated first derivative curves for 356 Al with 0.93 wt% 
Cu as obtained by (a) c1assical sampling cup, and (b) new in-situ probe 
Figure 6.13 shows the cooling curves obtained by the new probe for the different iron 
concentrations used in this study. The arrows show the location of the inflection points 
which appear on the cooling curves as a result of the fonnation of the (3-iron intennetallic 
phase. The higher the concentration of iron in the melt, the more evident the inflection 
point is. This is due to the quantity of latent heat released when this solid intennetallic 
phase is fonned. Higher concentrations of iron in the melt lead to the fonnation of a 
greater quantity of intennetallic AlsFeSi, and consequently to greater heat release. 
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Fig. 6.13 Cooling curves for difIerent iron concentrations in 356 Al alloy. 
The position of the inflection point on the cooling curve which corresponds to the iron 
intennetallic phase was observed to be dependent on the concentration of iron in the melt 
as shown in Figure 6.13. It will be noted that the higher the iron concentration, the higher 
the temperature at which the intennetallic phase fonns. Figure 6.14 shows the 
temperatures at which the p-iron phase fonns, and how they vary according to the 
concentrations. These tests were repeated three times using the new in-situ probe and 
reheating the same solidified sample, whereas the classical thennal analysis was 
perfonned only once for each iron concentration. The results were reproducible with an 
acceptable standard deviation of about 1.2°C on average. 
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Figure 6.15 shows the first derivative curves corresponding to that part of the cooling 
curve, as produced by the probe, where the fonnation of the iron intennetallic phase 
occurs for the different iron concentrations studied. A curve-fitting technique was used to 
obtain an equation for each curve which presents the data in a time zone ranging from 
two seconds prior to the inflection point to two seconds after it. The beginning and end of 
the phase fonnation were detennined from the corresponding second derivative curves. 
Figure 6.16 shows the cooling curve for 356 aluminum alloy with O.93wt% Fe together 
with the second derivative of this curve. The start and the end of the reaction were 
detennined from the boundaries of the inverted peak on the second derivative curve. 
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119 
The areas below the iron intermetallic peaks on the first derivative curves shown in 
Figure 6.15 were calculated and are presented in Figure 6.17. Samples from the solidified 
materials, previously frozen and obtained by both the techniques under discussion, were 
poli shed and analyzed by electron probe microanalysis (EPMA). The average surface 
fractions of the AlsFeSi intermetallic phase were also measured and the results are 
presented in Figure 6.17. 
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Backscattered electron images for the samples with different iron concentrations are 
shown in Figure 6.18. These images show the intensity of the p- iron intermetallic phase 
as this intensity increased with the iron concentration in the melt. Also, the fragmentation 
of this phase becomes more frequent when the iron concentration is increased. The 
images also visually correlate the surface area of the p- iron intermetallic phase with the 
concentration of iron in the melt. 
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(a) 0.123%Fe (b) 0.932%Fe 
(c) 1.147%Fe (d) 1.302 %Fe 
(e)1.357 %Fe (f)1.566%Fe 
Figure 6.18 Backscatiered images of the samples extracted using the new technique at 
five concentrations ofiron: (a) 0.93% Fe, (b) 1. 15%Fe, (c) 1.30% Fe, (d) 1.35% Fe, and 
(e) 1.56 %Fe. 
122 
6.5 Detecting and Quantifying Copper Intermetallics 
Al-Si binary alloy (see Table 5.1 for composition) was used as a base alloy to test the 
sensitivity of the new probe in detecting an intermetallic copper reaction. The 
concentration of copper in the melt was increased by adding pure copper pieces to it. The 
same procedure as the one detailed in the previous section was followed in order to 
analyze the cooling curves for the copper intermetallic phase. Figure 6.19 shows the 
cooling curve and the first derivative curve obtained by both the new probe and the 
classical technique for Al-Si alloy with 3.7 wt% copper. 
The cooling curve for this melt displays the following reactions: 
(i) formation ofprimary aluminum dendrites at about 603°C; 
(ii) the main silicon eutectic reaction which occurs at 566°C; 
(iii) a reaction at 500°C in which AhCu forms through the reaction 
L ~ AI+ AhCu+ Si. 
Figure 6.20 shows the relationship between copper concentrations in the Al-Si melt and 
the area below the corresponding copper intermetallic peak, which appears on the first 
derivative of the cooling curve. The trend of this relationship is linear; the area below the 
peak increases with increasing copper concentrations in the melt. The area measurements 
from the first derivative curves are reported for the in-situ data only. Because of the noise 
in the temperature data obtained when using the classical cup technique, the results from 
comparable area measurements show only a slight trend which is associated with 
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substantial scatter and are not presented here. The conclusion may thus be drawn that the 
proposed analysis which correlates area with concentration is not convenient for use with 
the classical cup technique, although it is applicable to the new in-situ heat pipe probe, as 
is shown here. 
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Figure 6.20 also shows a comparison between the area below the copper intennetallic 
peak and the average surface fraction of the copper intennetallic phase, as measured by 
an Electron Bearn Probe (or JEOL). The results show satisfactory agreement. Both curves 
display a linear trend, although the two lines tend to converge when the concentration of 
copper increases. The slope of the line which represents the area below the curve is less 
than the slope of the line which represents the average surface area of the intennetallic 
copper. It has been postulated that this effect may be due to a limited fonn of chromium 
contamination which took place upon the dissolution of a portion of the stirring ladle in 
the melt. At the time the tests were conducted, these researchers were not aware of the 
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possibility ofthis contamination by Cr. Nevertheless, the results are revealing and worthy 
of consideration. With the presence of dissolved Cr, another phase fonned during 
solidification and a peak corresponding to this phase appeared just prior to the copper 
intennetallic peak. The area below this peak was excluded from the calculations for the 
area below the copper intennetallic peak (AhCu), as seen in Figure 6.21. 
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The backscattered images for the samplings of different copper concentrations are 
presented in Figure 6.22. The images show larger amounts of the copper intermetallic 
phase as the concentration of copper increased in the samples. 
0.13 wt% Cu 0.78wt% Cu 
1.3 wt% Cu 1.79 wt% Cu 
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Figure 6.22 Backscattered electron images of Al-Si alloy with varying copper 
concentrations 
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6.6 Detecting of Magnesium Intermetallics 
A base alloy of AI-Si-Cu-Fe was used to test the sensitivity of the new probe to detecting 
the AIsMgsCu2Si6 intermetallic reaction. The copper concentration in the melt was fixed 
at about 3.5 wt% while the magnesium concentration was increased incrementally by 
adding pure magnesium pieces to the melt. The magne sium concentrations were 0.2 wt%, 
0.3 wt%, 0.4 wt%, and 0.6 wt%. Samples were taken from the melt and chemical analysis 
was performed. Samples were also sectioned from the solidified samples obtained using 
both the probe and the classical cup. Figures 6.23 and 6.24 show the cooling curves and 
the corresponding first derivatives obtained using both techniques. 
The cooling curves are characterized by the following reactions: 
1) the formation of primary aluminum at 603°C; 
2) a primary AlsFeSi formation at 579°C; 
3) the main silicon eutectic reaction 563.5°C; 
4) a reaction at approximately 500°C in which AhCu, AlsFeSi, and Si form; 
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Fig. 6.23 Cooling curve for Al-Si-Cu temary alloy with 0.2 wt% Mg obtained by the 
(a) probe, and (b) classical cup. 
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The heat effect associated with the formation of primary AlsFeSi is evident only at slow 
cooling rates. Figure 6.24 shows the cooling curve for AI-Si-Cu-Fe with 0.2 wt% Mg at a 
higher cooling rate than that shown in Figure 6.23. It should be noted that the peak 
corresponding to the formation of the AlsFeSi intermetallic phase has vanished in Figure 
6.24. 
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Figure 6.24 Cooling curve for Al-Si-Cu ternary alloy with 0.2 wt% Mg obtained by the 
probe. 
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It will be observed that the peak corresponding to the magnesium intermetallic reaction, 
i.e. the formation of AlsMgsCu2Si6 phase, has changed its position with the increase in the 
Mg concentration in the melt. In the case where the 0.2wt% magne sium concentration 
was analyzed, the peak corresponding to the magnesium intermetallic phase did not 
appear as a significant peak immediately following the copper intermetallic phase 
however thermal anomaly appears at approximately 476°C. When the magnesium 
concentration in the melt was increased to 0.3 wt%, two thermal anomalies appeared, one 
just before the AhCu intermetallic peak at 505°C and the other just after it at 
approximately 585°C. When 0.6 wt% magnesium concentration melt was analyzed, the 
peak appeared just before the final reaction peak, i.e. before the formation of AhCu, at 
approximately 505°C. Figures 6.25 and 6.26 show the cooling curve and the associated 
frrst derivative for the melt with 0.3 wt% and 0.6 wt«'/o magnesium, respectively. Both the 
thermal anomaly and the peak corresponding to the formation of AIsMgsCu2Si6 phase are 
denoted by number 5 on Figures 6.25 and 6.26. 
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Fig. 6.25 Cooling curve for Al-Si-Cu temary alloy with 0.3 wt% Mg obtained using 
(a) probe, and (b) classical cup method. 
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Figure 6.26 Cooling curve for Al-Si-Cu temary alloy with 0.6 wt% Mg obtained using 
(a) probe, and b) classical cup method. 
6.7 Detecting Liquidus Temperatures 
It will be recalled that the main reason for not using c1assical water-based heat pipes in a 
molten aluminum environment is the temperature factor. Since the probe is basically a 
heat transfer device and its applicability depends on the working temperature range and 
heat flux regardless of the nature of the medium, it was decided to push the probe to its 
limit by raising the temperature of the working environment. 
A 32-kg melt of 390 alloy was prepared according to the chemical composition provided 
in Table 5.1, and a superheat of 150°C was maintained. Thermal analysis tests were 
carried out using both techniques simultaneously. Then the concentration of silicon in the 
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melt was changed to 20%, 15%, 13%, and 11%. The cooling curves produced by both 
techniques were similar under conditions where the liquidus temperature reached a 
minimum value of about 580°C, at which point the Si concentration was situated 
approximately at the eutectic point (12.6 wt %). A maximum value was reached when the 
Si concentration increased to 20 wt% which was the maximum concentration investigated 
in this study. The melt temperature was maintained at over 850°C throughout. 
Figure 6.27 shows how the liquidus temperature varies with the concentration of Si in the 
melt, as predicted by both of the thermal analysis techniques. These results are compared 
with the liquidus temperature as obtained from the aluminum-silicon phase diagram. It is 
important to mention here that 390 alloy contains elements, other than Al and Si, which 
might affect the value of the liquidus temperature, since this alloy also contains 4 wt% 
copper as weIl as traces of iron and magnesium. This fact may account for the difference 
which arises between the liquidus temperatures predicted by both thermal analysis 
techniques and the one obtained from the phase diagram. 
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6.8 Detecting Minor Reactions in Wrought Alloy 6063 
After the encouragmg performance of the new probe in producing more detailed 
information on the cooling curves for sorne of the cast alloys investigated in this study, it 
was decided to test the sensitivity of the probe in detecting minor reactions associated 
with the solidification of wrought alloys. The fact that such alloys tend to contain 
relatively low levels of alloying elements (see Table 5.1) influenced our decision in this 
regard. 
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The 6063 wrought alloy, which is an alloy of the 6000 series, was selected as the base 
alloy for these tests. Wrought alloys of this series are usually used in the automotive 
industry, or the manufacture of furniture and for structural appliances, where corrosion 
resistance and strength are essential [12]. 
Sorne of the minor reactions associated with the solidification of 6063 aluminum alloy 
cannot be detected by classical thermal analysis [12], because the heat associated with the 
formation of a certain phase during solidification is insufficient for recording purposes, 
and hence is not visible on the cooling curve. 
The reactions which take place during the solidification of 6063 alloy as stated by 
Backerud [12] are the following: 
(i) formation of a dendritic network of aluminum at 655°C; 
(ii) formation of AIsFe2Si intermetallic phase at 618°C; 
(iii) formation of AlsFeSi intermetallic phase at 612°C; 
(iv) formation of Mg2Si phase at 576°C as predicted from the phase 
diagram. 
In this study, the effects of adding Sr, Mn, and Fe to the 6063 melt were investigated. 
Thermal analysis tests were carried out in an electric furnace using 32 kg of 6063 melt. 
For this purpose, 200 ppm of Sr were added to the melt and the test was performed using 
both the new probe and the classical cup method. Then 0.5 wt% of Fe was added to the 
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melt and the thermal analysis was effectuated. Finally, 0.7 wt% of Mn was added to the 
melt. 
Figure 6.28 shows the cooling curves and their derivatives for 6063 aUoy obtained by the 
probe at two different average cooling rates which are 1.7°C/s and 0.6°C/s and the cooling 
curve obtained by the classical cup. The two curves produced in-situ and that produced 
by the classical technique were able to detect the formation of a dendritic network of 
aluminum at 653°C, 652.9°C, and 651.4°C, respectively. The appearance of a plateau on 
the first derivative curve of these curves, which is denoted by i, is evidence of this 
reaction. Peak iii which appears on the first derivative of the cooling curves generated by 
the probe refers to the formation of Al5FeSi intermetallic. When the first derivative curve 
is superimposed on the cooling curve, the temperatures at which Al5FeSi intermetallic 
formed were found to be 628°C, and 595.4°C when 1. 7°C/s, 0.7°C/s when average 
cooling rate were applied, respectively. In the case where classical thermal analysis was 
used a tiny anomaly, namely Band pointed by an arrow on Figure 6.28 (c), appeared on 
the first derivative curve. The temperature corresponding to this feature as obtained from 
the cooling curve was 596.3°C. The final reaction which forms Mg2Si phase was detected 
by both techniques; peak iv which appears on all the first derivatives of the cooling 
curves produced by both techniques was used to set the formation temperature of M~Si 
phase on the cooling curve. The formation temperature of this phase was found from the 
classical thermal analysis technique to be 528.6°C, which is similar to the formation 
temperature obtained by the probe (529.2°C) when 0.7°C/sec cooling rate was considered. 
While in the case when 1.7°C/s cooling rate was used, peak iv was corresponding to a 
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forming temperature of 585.6°C. This difference in the forming temperature, when 
comparing the two curves generated by the in-situ probe, is due to the difference in the 
instantaneous cooling rate prior to the formation of the phase which is more than the five 
times in the first case (lO°C/s vs 2°C/s). 
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Fig. 6.28 Cooling curves for 6063 alloy obtained by both techniques (a), (b) for the new 
probe, and (c) for the classical cup method. 
Figure 6.29 shows the cooling curve and their derivatives for 6063 alloy with 200ppm Sr 
obtained by the probe and those obtained by the classical cup. The two curves behave 
similarly and it looks like the addition of Sr to the melt has no significant effect on the 
features appearing on the cooling curves, generated by both techniques, and the 
associated first derivative curves. Although it was noticed that the peak corresponding to 
the formation of the AlsFeSi intermetallic phase became smaller for the case of the in-
situ probe when compared to the peak corresponding to the same reaction in the absence 
of Sr in the melt. Aiso the same remark was noticed in the case of classical thermal 
analysis, the tiny anomaly that appeared on the first derivative curve vanished completely 
when adding the Sr to the melt. 
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Fig. 6.29 Cooling curves of 6063 alloy with 200 ppm Sr obtained by both 
techniques; (a) new probe and (b) classical cup. 
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Figure 6.30 shows the cooling curves and their derivatives for 6063 alloy after 
adding 0.5 wt% iron to the melt. Two different average cooling rates of 1.3°C/s and 
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O.6°C/s were used with the probe and these are compared to the cooling curve obtained 
by the c1assical cup. The cooling curves obtained by the in-situ probe detected three 
reactions which are the formation of aluminum dendritic network (i), AlsFeSi 
intermetallic phase (iii), and Mg2Si phase which indicates the end of the solidification. 
The formation temperature of the AlsFeSi intermetallic phase was found to be altered 
from 595°C to 628°C. Another small anomaly appeared on the first derivative of the 
cooling curves, however it was difficult to identify these peaks due to the difficulty in 
analyzing the tiny partic1es that appeared in the microstructure. The size of these 
partic1es, which is in the order of 1 ~m, is less than the diameter of the electron beam used 
to analyze the samples which is 2~m. 
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Fig. 6.30 Cooling curves of 6063 alloy obtained by both techniques with 0.5 wt % added 
Fe; (a), (b) new probe, and (c) classical cup method. 
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Figure 6.31 shows the effect of adding 0.7wflo manganese to the preceding melt (6063 
Al + 0.5 wt% Fe) on the cooling curves and their derivatives obtained by the probe at the 
two different average cooling rates of 1.3°C/s and O.3°C/s, along with the cooling curve 
obtained by the classical cup. The comparison between these curves shows that the in-situ 
probe is able to detect more phases than the classical cup. AH four reactions associated 
with the solidification of 6063 and reported in the literature are detected by the in-situ 
probe [11]. On the other hand, the classical technique was not able to detect the formation 
of Piron (AlsFeSi) phase during the solidification of the sample. Microscopic study, 
however, provided proof of the presence of Piron phase in the sample. In Figure 6.32 (d), 
Piron is signaled by ii in this figure. 
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Figure 6.31 Cooling curves for 6063 alloy obtained using both techniques with 0.7 % 
Mn; (a) and (b) newprobe; and (c) classical cup method 
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In order to identify the reactions associated with the solidification of this alloy, samples 
were sectioned from the ones frozen using both the new probe and the classical cup 
method. They were then examined using the electron beam probe technique. 
Metallographic analysis was carried out on the samples; then, backscattered images of the 
polished samples were obtained and may be seen in Figure 6.32. An energy dispersive 
spectroscopic analysis of the samples (EDS) was made so as to identify the phases 
present in the microstructure. A quantitative analysis was also performed using an 
electron probe microanalyzer (EPMA) , and in the case of the base alloy, two phases 
appear as seen in the backscattered image of Figure 6.32 (a). Table 6.1 gives the 
composition of both these phases. 
Phase 
(1) 
(2) 
Approximate Composition (atomic %) 
Stoichiometry Al Fe Si Mg Mn 
AhoFe2Sh 66.9 12.8 18.6 0.12 0.5 
AIsShMg 57 0.8 26.4 12 0.3 
Table 6.1 Chemical analysis of phases 1 and 2 which appear on the backscattered 
image of the base alloy (6063). 
Figure 6.32 (b) shows the backscattered image for the sample with 200 ppm Sr. 
Two phases appear in the image in addition to the strontium (bright white-colored points 
in the image). Table 6.2 shows the chemical analysis for both these phases as weIl. 
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Approximate Composition (atomic %) 
Phase Stoichiometry Al Fe Si Mg Mn Sr Cu 
(1) Ahs(FeMn)JS4 70 lIA 17.2 0.08 0.7 0.01 0.07 
Ah IMg2(FeCuMn) 
(2) 55.9 1.6 26 10.8 0.6 0.3 2.7 
Sis 
Table 6.2 Chemical analysis of phases 1 and 2 which appear on the backscattered 
image for base alloy (6063) containing 200 ppm of strontium 
For the case where 0.5 wt% of iron was added to the melt, Figure 6.32 (c) shows the 
backscattered image, in which only B-phase iron could be distinguished, whereas all the 
other phases were not significant enough to be detected by the electron beam. In view of 
the fact that the beam diameter is 3 microns and the size of these particles is less than 
that, the beam will therefore cover part of the matrix in addition to the particle under 
investigation. 
Figure 6.32 (d) shows the effect ofadding 0.7 wt% of Mn to the melt. Three phases were 
identified, the most common of which is that of a-iron. Table 6.3 shows the chemical 
analysis of these phases. 
Approximate Composition ( atomic % ) 
Phase 
Stoichiometry Al Fe Si Mg Mn Sr Cu 
(1) AhsFes Mn3 Sh 61 20 8.1 0 10.5 0.02 0.34 
(2) AIsShM~(FeCuMn) 56 1.63 26.7 10.5 0.56 0.253 4041 
(3) Ah(FeMn)Si 73 lIA 9.22 0 0.29 0.008 0.2 
Table 6.3. Chemical analysis ofphases 1,2 and 3 which appear in the backscattered 
image ofbase alloy (6063) containing 0.7 wt% Mn. 
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(a) Backscattered image for 6063 alloy 
(b) Backscattered image for 6063 alloy with 200 ppm Sr 
(c) Backscattered image for 6063 alloy with 0.5 wt% added Fe 
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(d) Backscattered image of 6063 alloy with 0.7 wt% Mn 
Figure 6.32 Backscattered images for (a) 6063, (b) 6063 with 200 ppm Sr, (c) 6063 with 
0.5 wt% added Fe, (d) 6063 with 0.7 wt % Mn 
6.8 Effects of Boundary Conditions on the Quality of the 
Results Produced by the Probe 
In order to understand the effect of boundary conditions on the quality of the data 
provided by the new probe, thermal analysis tests were carried out under two different 
boundary conditions. The first test involved operating the probe in-situ, inside the molten 
metal which was poured into the evaporator section in a procedure similar to the one 
followed when applying c1assical thermal analysis techniques. 
In the tirst case, the probe extracts heat from the solidifying sample while heat is 
transferred from the molten bath to the sample, affecting the radial temperature gradient 
inside it. In the second case, where the thermal analysis test is performed outside the 
149 
crucible, the heat is transferred to the pipe from the sides of the sample, while a small 
amount is transferred through the lower surface of the sample, due to the thermal 
resistance created by the insulated plate installed there. 
A 319 aluminum alloy was used in this part of the study because of its chemical 
composition. The cooling curve for this alloy and the associated first derivative curve 
show features corresponding to the formation of intermetallic copper and iron. 
Monitoring the changes in these peaks when the probe is exposed to different boundary 
conditions may exp Iain the enhancement in the quality of the signals generated by the 
probe when operating in-situ. 
Six thermocouples were used to measure the temperature at different locations in the 
sample during both freezing and cooling processes. Figure 6.33 shows the distances from 
the probe surface at which each thermocouple is placed. Thermocouple 1 is placed at the 
center of the sample while thermocouple 5 is placed at a 5-mm distance from the probe 
wall. Thermocouples 2,3, and 4 were placed between thermocouples 1 and 5 at distances 
of lem from each other. Thermocouple 0 was placed on the same plane but on the 
opposite side at a distance of 1 cm from thermocouple 1 matching the distance between 
thermocouple 2 and thermocouple 1. 
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Figure 6.33 Thermocouple locations in the solidifying sample 
The cooling curves detected by the six thermocouples and generated by the probe when 
operating in-situ and outside the crucible are presented in Figure 6.34 (a) and (b), while 
Figure 6.35 (a), and (b) show the cooling curves and the associated tirst derivative curves 
detected by thermocouple 1 in both cases when the probe operating in-situ and operating 
as a cooled classical cup. 
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Figure 6.35 Cooling curves and associated first derivatives for 319 alloy generated by the 
probe operating in (a) molten metal environment, and (b) at room temperature 
Comparing the cooling curves presented in Figures 6.34 and 6.35, one can notice that the 
final reaction, due to the formation of AhCu phase, is more evident when the probe 
operates in-situ since the peak corresponding to this phase is clearer and more 
identifiable. Further focusing on the final reaction portion of the cooling curves presented 
in Figure 6.34 (a) and (b) one can notice that the temperature gradient in the sample when 
the probe is operating in-situ is much less than that when the probe operates outside the 
molten metal environment. The temperature difference as detected by the thermocouples 
placed close to the probe wall and that placed at the center of the sample is 20°C in the 
case where the probe operates in-situ, while a difference of 90°C is obtained when 
operating the probe outside the crucible. It is believed that this reduction in the 
temperature gradient, associated with the in-situ application of the probe, is the main 
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reason for getting better quality of information. In order to investigate this hypothesis two 
thermal analysis tests were carried out using a weIl insolated mold, see Figure 6.a, at a 
very slow cooling rate (0.04°C/s) on 356 and 319 aluminum alloys with 1% Fe 
concentration and under slow cooling rates conditions. 9000 sec was needed to solidify 7 
Kg sample, which is a condition that approximates equilibrium solidification (quazi-
equilibrium). Figure 6.36 shows a comparlson between these curves and the cooling 
curve generated by the in-situ probe. The comparlson shows that the quality of 
information obtained by the in-situ probe is similar to that obtained by the classical cup 
under a quasi-equilibrium condition. The reaction temperatures are approximately the 
same with a difIerence of about 2°C in the final reaction temperature for the case when 
319 Al was used while about 4°C difIerence is observed for the case of 356 Al. Aiso the 
significance of the peaks, especially those which refer to the final reaction, is similar 
when the first derivative curves for the cooling curves generated by both techniques are 
compared. 
Fig. 6.a. WeIl insulated mold used to carryout quazi-equilibrium classical thermal 
analysis tests and the place of the thermocouples used in these tests. 
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Fig. 6.36 Cooling curves generated by the classical cup and the in-situ probe for 319 and 
356 aluminum alloys with 1 % Fe concentration. 
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From the data presented in Figure 6.36, one can postulate a theory as to why the probe is 
superior to the cup which is used in the practice of the classical technique. The difference 
between the two is rooted in the nature of the contact at the solid/solid interface that is 
formed when liquid metal freezes on the wall of the cup or the probe. 
ln the case of the cup, solidification occurs on the side walls as weIl as the bottom. As a 
solid shell is formed, it pulls off the walls because of the bridging by the solidified shell 
on the bottom. Thus, the contact at the solid/solid interface is subjected to transient 
variations as the shell shrinks. The overall heat transfer at the interface will exhibit 
variability (i.e. 'noise') as the interfacial contact varies. 
For the probe, the solidification occurs only on the side walls and not on the bottom. 
There is no solidification on the bottom because it is not cooled. Thus, the solid shell on 
the side walls is not pulled from the walls because there is no bridging by solidified 
material on the bottom. As a result, the contact at the solid/solid interface is stable. The 
net result is that the cooling curves (i.e. first derivative curves) have much less noise than 
those generated with the cup. The consequence is that thermal events are much more 
visible when acquired with the probe than they are when acquired with the classical cup. 
6.9 Industrial Experiments 
Industrial testing was carried out at the Perth Plant of Grenville Castings Ltd in Ontario. 
Figure 6.36 shows the industrial setup where the probe was immersed in a 5000-kg melt 
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of 356 aluminum alloy whose chemical composition may be seen in Table 6.4. A number 
of thermal analysis tests were then performed under different cooling conditions. 
Elementwt% 
Al Si Mg Cu Mn Fe Zn Ti Sr 
92.6 6.6 0.31 0.001 0.06 0.18 0.004 0.18 0.013 
Table 6.4 Chemical composition of the 356 AI alloy used in industrial tests 
Once the probe was introduced into the production line, melt conditions could no longer 
be altered. Thus, the addition of grain refiners, modifying-agents or impurities to the melt 
was not subject to being changed. Consequently, the only parameter open to modification 
in this case was the cooling rate. Such a context thus led to the decision to apply different 
cooling conditions when conducting the thermal analysis tests at the plant. The new probe 
has the capability of extracting heat from a given sample at a constant rate throughout the 
whole solidification process; it is also possible to alter this rate at any time during 
solidification simply by adjusting a valve. 
Fig. 6.36 Experimental setup at Grenville Castings Perth Plant 
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Two K-type thermocouples were used to capture the temperature of the solidified sample 
during the freezing and melting processes. The upper thermocouple was placed at the 
center of the sample 4.5 cm from the pipe walls and 2 cm below the top surface of the 
sample, while the lower thermocouple was placed on the same plane as the first one at a 
distance of 3 cm from the surface. 
In the industrial tests, three different cooling conditions were investigated. Cooling 
occurred relatively rapidly in the first case, where a period of 110 sec was required to 
reduce the temperature from about 650°C to 500°C. In the second case the cooling 
occurred relatively slowly (see figure 6.37). 
The cooling curve shown in Figure 6.37 (a) reveals that the cooling rate increased during 
the solidification process. Once the temperature of the solidifying sample reached the 
eutectic temperature, which is 577°C, the return flow was increased and consequently the 
cooling effect increased. This action affects the cooling curve in that it both reduces the 
eutectic portion or plateau, and causes a sharp decline in the first derivative curve 
immediately following the eutectic plateau. 
Figure 6.37 (b) shows the cooling curves and the corresponding first derivatives under the 
same conditions which prevailed in case (a), although this time the cooling was 
maintained at a constant rate throughout the entire solidification process. Monitoring the 
portion immediately beyond the eutectic plateau on the first derivative curve, it will be 
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observed that the curve drops more than 2.5 times faster in case (a) than it does in case 
(b). 
Cooling occurred at a relatively slow rate in the second case, at an average of O.3°C/s, 
which is similar to the cooling conditions associated with sand casting [111. Figure 6.37 (c) 
shows the cooling curve corresponding to slow cooling conditions. A time lapse of about 
600 sec is needed to cool down the solidifying sample from about 680°C to about 500°C. 
As in the first case, denoted by (a), the cooling rate was increased by opening the return 
valve slightly once the eutectic temperature was reached. This increase in cooling rate 
had a significant effect on the emergence of the last peak in the fust derivative curve, as 
denoted by the number 4, and which corresponds to the formation of the M~Si-Al-Si 
temary eutectic phase. Upon monitoring this peak it will be observed that in case (a), 
where the first derivative reads about -7°C/sec, the peak vanishes. On the other hand, for 
cases (b) and (c), a significant peak, denoted by the number 4, appears on the first 
derivative curve for both cases. The clarity of the appearance of this peak is associated 
with the slower cooling rate, as may be seen in Figure 6.3 7 (c). 
The basic trend for cooling curves presented in Figure 6.37 may be described as follows. 
The cooling curves show their first thermal arrest at about 626°C when the growth of 
aluminum nuclei occur. An undercooling of OAOC was detected at that fust arrest. This 
undercooling is due to an insufficiency of heterogeneous nuclei to start formation of (l-
aluminum dendrites in the melt. Table 6.3 shows that this alloy has approximately 0.18 
wt% of titanium. Our experience in the laboratory suggests that more than 0.3 wt"110 of Ti 
concentration is needed to ensure the existence of sufficient heterogeneous nuclei in the 
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melt (see Figure 6.4). After this arrest, the temperature of the solidifying sample 
continues to decrease. During this time, the liquid is progressively enriched in silicon 
until a thermal anomaly occurs at about 608°C, caused by the latent heat of fusion of the 
iron intermetallic phase. The cooling rate changes again to nearly zero. This event 
continues for sorne time, depending on the cooling rate, as the latent heat of fusion for 
eutectic aluminum-silicon evolves. An evident plateau appears at this stage. The final 
reaction occurs at 547°C, when the Mg2Si phase is formed. As mentioned earlier, 
however, the ability to detect this reaction by thermal analysis depends strongly on the 
cooling rate. The peak corresponding to the formation of this phase is not evident on the 
cooling curve, nor does it appear on the associated first derivative curve presented in 
Figure 6.35 (a), where the cooling rate is relatively high. While significant peaks appear 
on the first derivative curves associated with the cooling curves presented in Figures 6.35 
(b) and (c), these peaks in fact reflect the different temperatures at which this phase forms 
(Mg2Si), namely, 554°C, 552°C and 541°C. 
Figure 6.38 shows the cooling and heating curves for 356 aluminum alloy. A span of 200 
second is sufficient to remelt and to superheat the sample to melt conditions. 
Figure 6.39 shows the actual size of the solidified sample frozen in the probe. The sample 
is cylindrical in shape with a height of 4.2 cm and a radius of 4.5 cm. The photograph 
also shows both the thermocouples introduced into the center of the sample. 
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Figure 6.39 Solidified physical sampling as taken by probe 
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Chapter Seven 
Conclusions, Originality, and Suggested Future Work 
7.1 Conclusions 
An innovative state-of-the-art water-based heat pipe was successfully developed 
and implemented in the field of molten aluminum technology with the aim of 
automating thermal analysis and providing improved control over heat extraction 
rates. 
A new technique using an in-situ probe based on updated heat pipe technology 
was therefore developed so as to carry out the required thermal analysis tests. The 
key novelty in this respect is the in-situ feature of the device in view of the fact 
that the probe can remain positioned in the melt, in a furnace or in a vessel, for an 
indefinite period of time without harm coming to it. A cooling curve of the melt 
may be initiated at the push of a button. Likewise, the heating curve for the 
remelting of the same sample may be obtainedjust as easily. 
Comparisons drawn between the in-situ technique using the heat pipe probe 
versus the classical technique are all most encouraging from a number of aspects. 
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The quality of the infonnation obtained from the proposed new technique is better 
than that obtained using the sampling cup. In fact, when using the new probe only 
about one third of the time needed by the classical technique is required to 
generate a similar quality of infonnation. 
The proposed technique shows a predictable response with respect to the effect of 
the grain refiner in the melt. The new probe has confinned that undercooling 
decreases and recalescenece temperatures increase with increasing concentrations 
of titanium in the melt. 
The in-situ technique and probe may be used to replace the classical sampling cup 
technique to carry out thennal analysis tests of aluminum alloys at industrial 
plants as weIl as on the research laboratory scale. This new device will allow the 
thennal analysis process to be automated, semi-continuous, and fully controllable. 
The sensitivity of the probe in detecting minor reactions has been tested on: 
-356 aluminum alloy with different concentrations ofiron; 
-AI-7 wt% Si binary alloy with different concentrations of copper; and 
-6063 wrought alloy. 
Classical thennal analysis tests were also carried out simultaneously using a 
preheated graphite cup. The comparisons show the greater potential inherent in 
the new technique over the classical thennal analysis method. The peaks in the 
signal that refer to intennetallic fonnation are clearer and more identifiable and of 
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better resolution when the new technique is applied. The amplitude of the peaks 
obtained by the new probe is about three times higher than that obtained when 
using the classical method. With this new technique, it is possible to correlate the 
area below the intermetallic peak to the concentration of iron or copper in the 
melt. This feature causes the new thermal analysis probe to behave as if it were a 
rapid chemical analyzer for selected constituents. 
This new thermal analysis probe which has the capacity of performing 
thermal analysis in-situ, is also endowed with enough sensitivity to detect minor 
reactions, such as iron or copper intermetallic formation, and has already 
undergone the relevant tests for this. In the case of iron, the results were compared 
with those obtained using classical thermal analysis techniques. The main 
conclusions which may be drawn from this are the following: 
1. The new probe is able to freeze a controlled sample of molten aluminum in a 
molten metal environment. This makes it a viable option for performing the 
thermal analysis test in-situ. 
2. The quality of the information obtained using the new probe is better by far 
than that obtained using the classical sampling cup technique. The peaks 
corresponding to minor reactions, such as iron and copper intermetallic 
formation, and obtained by the new technique, are on a better scale and of 
greater resolution, as compared to those obtained by earlier techniques. The 
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new probe magnifies the minor peaks on the cooling curve as a result of the 
heat flow from the bottom of the sample which tends to decrease the radial 
temperature gradients in it. Consequently, more material solidifies at the same 
time and more heat is detected during the formation of minor phases. 
3. The heat removal rate from the sample obtained with the in-situ probe is 
approximately constant during the freezing process. This amount of heat 
removal may easily be controlled by regulating the evaporator return line and / 
or modulating the heat removal on the condenser side of the probe. 
4. The area below the first derivative curve, when the new probe is used to 
generate the cooling curve, may be used to quantify the concentration of iron 
or copper in the melt. 
7.2 Statement of Originality 
Contribution to Original Knowledge 
1. A novel, first of its kind, in-situ probe which provides semi-continuous online 
thermal analysis of aluminum melts was designed, built and tested. 
2. The probe is based on a patent pending heat pipe technology that uses a swirl flow 
to enhance heat transfer. However, a further contribution to the new heat pipe 
technology was made by adding another flow modifier that is almost 
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perpendicular to the existing swirler. This made possible, for the first time, a 
swirled flow heat pipe with heat extraction from the inner wall of the annulus of 
the heat pipe. 
3. Also novel was the method of controlling the rate of heat extraction. The device 
was titted with a valve on a separate return line that fed the evaporator. In this 
way the thermal analysis unit was transformed into one which featured 
controllable heat extraction rates. 
4. The successful use of water as the working substance in a heat pipe that was 
immersed in molten aluminum was a novel contribution. There are no reports in 
the literature of the use of water in a high heat flux system such as molten 
aluminum. 
5. The thermal analysis results obtained with the heat pipe probe are substantially 
more detailed than those obtained with the c1assical technique. As a general rule, 
it was shown that the heat pipe probe can magnify certain peaks and it can obtain 
such data in a fraction of the time. This is the tirst time that such a finding has 
been reported. Moreover, this is a major innovation that may lead to the 
commercialization of such heat pipe probes in the future. 
6. A theory as to why the probe is superior to the c1assical technique has been 
formulated. It focuses on the nature of the solid/liquid interface that is formed 
when a sample is soliditied. The probe maintains a relatively constant contact 
resistance while the conventional unit has a contact resistance that increases with 
time. 
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7. The solid/solid interface in the probe maintains a relatively stable contact 
resistance during the solidification process. This is the first time that a thermal 
analysis unit has been able to achieve this. The net result has been that the thermal 
noise, which is generated when interface is subjected to a combination of high 
heat fluxes and solidification, has been greatly reduced. This contribution to the 
science should help researchers in the future to design thermal analysis devices 
that are more sensitive because of the reduction in the thermal noise. 
7.3 Future Work 
The applicability ofthis new thermal analysis technique both in the laboratory and on an 
industrial scale, has been born out by results from the present thesis. There are, however, 
still a few points remaining which require further investigation. These points inc1ude the 
following: 
1. Modifying the probe configuration in order to make it more compact. One 
suggestion is to merge both the main Hnes into one main line, and both the 
retum lines into one. Another suggestion would be to modify the condenser 
design to make it more compact. 
2. Making use of the temperature of the main flow to create an automated signal 
for exerting control over the retum line valve. 
3. Further study is required to understand fully the thermal behavior ofboth the 
heat pipe and the solidified sample. 
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4. Extend the thennal analysis study using different aluminum alloys such as 
alwninwn copper-based alloys. 
The author of this thesis believes that an open-ended range of research may be defined, 
from now on, based on sorne of the findings described in this study which has been of 
constant interest throughout. 1 am confident that this work will lead others to apply the 
new technological approaches in original and successful metallurgical applications. 
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